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CHAPTER “1 


INTRODUCTION 


Helium is chemically inert with a weak, spherically 
symmetric interatomic potential. It forms a dielectric 
solid with a simple cubic or hexagonal symmetry. In view 
of this simplicity and the accuracy with which the potential 
is known, solid helium seems to be a model substance in 
which to compare experimental results to theoretical 
predictions. 

Early experiments showed that, in its thermal and 
elastic properties, solid helium is similar to more conven- 
tional solids. The first theoretical calculations, however, 
were in quantitative disagreement with the measured values 
of such properties as the compressibility, molar volume 
and sound velocities. It was soon realized that the 
discrepancies were due to the very large zero point motion 
of the atoms, a result of their small mass and weak inter- 
action. Subsequent work (for a review see, e.g. Glyde 
(1976)) has taken the quantum effects into account and 
there now exists sufficient agreement between theory and 
experiment to make quantitative comparisons possible. 

The effects of quantum statistics are most dramatic 
in the liquid state where 4 He is a Bose fluid undergoing a 
transition to a superfluid around 2.17 K while 3He remains 
a normal Fermi liquid down to a few mK. In the solid, the 


atoms are more localized, reducing the effects of quantum 
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statistics. The solid phase diagrams of one and due (shown 
imsciguresslATand) 18) are qualitatively. similar but there 
are quantitative differences as a result of the difference 
in the magnitude of the zero point motion. 

One of the most interesting manifestations of the 
quantum nature of solid helium is the non-thermal motion of 
such defects as vacancies and impurities. This results 
from the overlap of the wave functions of adjacent atoms 
which permits quantum exchange (or tunneling) of atoms. 

Due? tomgthe periodic potential presentedgby the lattice, 
this tunneling may become coherent under certain conditions 
and allow defects to propagate through. the crystal. 

Ultrasonic measurements of sound velocities provide 
direct information about such properties as the elastic 
constants and the phonon specific heat. Combined with 
attenuation measurements, the sound velocities can yield 
information about Pee such as Scene eee 
and impurities and their interactions. 

Solid helium has several experimental advantages over 
more conventional solids for such ultrasonic studies. 
Firest, because of its very Low boiling jpointy, it ecanmpe 
obtained free of all but isotopic impurities and these can 
be reduced to low concentrations (~ 1 ppm). The existence 
of Fermi and Bose isotopes makes it possible to isolate 
the effects of statistics while the existence of easily 
accessible body centered cubic (bcc) and hexagonal close 


packed (hcp) phases allows the effects of crystal symmetry 
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to be determined. Also, the very large compressibility of 
helium permits experiments to be performed at constant 
Volume .OVers aywidesrange, of densities, Finally, it is 
fairly easy to grow the large single crystals needed for 
ultrasonic studies. . The fact that these crystals remain 
under pressure at all temperatures eliminates spurious 
effects due to the strains which would be introduced by 
bonding the crystals to transducers. 

Counterbalancing these advantages are the experimental 
difficulties in generating and maintaining the necessary 
pressures and temperatures. It is also difficult to 
control or determine the orientation of the crystals. 
Another disadvantage is the lack of an independent deter- 
mination of defect concentrations such as would be available 
in conventional solids (e.g. from electron microscopy) . 

The motivation for the experiments described in this 
thesis was the observation of an anomalous sound velocity 
and attenuation in pure hcp ie (<=. Bappm 3He) which was not 
present in impure bcc ere (< 0.1% “Hej Thiswanomaly mice. 
section 2.4 for a more complete description) has been 
attributed to interaction between sound waves and disloca- 
tions in ae but no explanation has been given for its 
absence in ee 

These experiments were intended to determine whether 
the differences between hcp tHe andebpcc 3He were due to the 
duererences in asotope, 1.6. Statistics, in crystallographic 


phase, or in sample purity. As well, it was hoped that 
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further evidence to connect the anomaly to crystal disloca- 
tions could be obtained and the interactions between the 
dislocations and other defects studied. 

With these aims, crystals of oe (hep) and Sue (pce 
and hcp) were grown and studied at a variety of densities. 
The longitudinal sound velocity and attenuation were 
measured between about 80 mK and melting at frequencies 
between 3 and 21 MHz. The effects of isotopic impurities 
were investigated by adding up to 0.53% of the other 
isotope to the initially pure 3He CSI ejejrik Yope 4 He) and 
Aue Cae ppm ot ones The effects of pulse amplitude were 
also studied. 

Chapter 2 of this thesis gives some of the theoretical 
and experimental background to-the work. Chapter 3 
describes the experimental apparatus and procedures. The 
experimental results and analysis are presented in Chapter 


4 and the final Chapter 5 summarizes and discusses the 


results. 
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CHAPTER 2 


BACKGROUND 


2... Lattice Dynamics and Elastic Properties 

Propagation of sound in solids is generally described 
in terms of the linear elasticity equations of a continuous 
medium. The important quantities in such a description are 


the displacement from equilibrium of a volume element at 


position Seitecne a direction, denoted py u, (x), the strain 
tensor 
1 Ju; Rl 
i) Lass z a aaa 


and the stress tensor oe defined as the force per unit 
area in the i direction on a surface normal to the j 
direction. For small strains, the stress 1s proportional 


to the strain (Hooke's law) so 


= 2.1-2 
Sim esigich (ks ( ) 
where summation over repeated indices is assumed. 
The equation of motion is 
ie 
eee ee 2..=3 
pu, a 0 | ( | ) 


Crymusing (201-2) 


Cmrgam ‘a 


GuioAanIAe 





asi dyaderd sifani% ban enimenyd esottaed r.& 
bediapesh (ilatemep =i 2026106 11 Boune to doLtepagesz9 


BuO0uUnLIAOD & anots supe yirolsesls weet att 20 gargad fit 





eis noktqizzesh « dove a2 esi4isrsup tarntiogm ane - moi. bem 


atezte ef% «(ew yo Boteneb-.nceds5ents 4 ait of x motgteeg 


7 


+e t+toenele onuwiev s to maatitiivps mo. tomesonigelb og? 2 
wages —. 


t ’ J / 5a : 7 
{ I = a } i _———, 4 “= _ —_— ' 2 es 
| = aa; gR . ( . fi 
‘ dy f 7 


Star 1m sotor sfi-e@e bon taah es Wenasy SESTIA ond bas 

a © ; ot) oF Lontdem Sosdave 6. co nortooith Lome me core 
fanctsxogeta ei veotte' Sao Sore 12 lism#e wot os 290 

Oc ‘Ses e’sinoH) agate ovis o* 


‘ ae $ A D = - an) = AY <. 
LN Le) Y ris Pe 





2 
i re) Uy 
Dae Sad a Cn) 
4 et 
where 9 1s) the mass density. By assuming solutions of the 


plane wave form 
u. = A.e (275) 
we get the secular equation 


2 = 
det le; 51 9A5% ow 6 4J =i (227—6) 


In this description, the coefficients Sa Ane which are 
characteristic of the solid are treated as phenomenological. 
They can, however, be derived from the microscopic 
properties of the solid by using lattice dynamics. 

Thereldssicalmpicture om ae solid awezero” temperature 
is of individual atoms localized at lattice sites. The 
atoms sit at the minima of the potential wells created by 
the interatomic potentials of the surrounding atoms. The 
effect of finite temperatures or elastic strains is to 
cause displacements of the atoms from their equilibrium 
positions. If the interparticle potential is known, the 
elastic and thermal properties of the lattice may be 
calculated. 

For small displacements from equilibrium, the 


potential energy of the lattice may be written as 
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(217 ) 


where u, (X) is the displacement of the atom at position 


Pee Nechend noctlonwd jaarhe: kinetic energy then us 
1 e e 
Core eM). (2.1-8) 
: us 


It is then possible to derive from the Lagrange equations 


of motion (e.g. Musgrave (1970)) the secular equation 


2 ia 
det[D, . (q) -mu (q) ee = 16 (2.1-9) 


where q is the wavevector, 6 the Kronecker delta and 


32 iq? (4-8) 
nee pce eg BEE | 
(2-1=10) 
In the long wavelength limit (i.e. small q), this can 
Deagwiwoalene(Marodudin, gl 9/1.) je in the jformm 
eral tan acee mia ae = 0 Chay 


where C and C' are complicated functions of the derivatives 
of Ce Tiismicswmidentical an f£oOnm tomedquations( 2.1—6) 
and shows the connection between elasticity theory and 
classical lattice dynamics. 


Untomtunatewy,. apDDlVing Classical lattice dynamics to 
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helium using the well known interatomic potential gives 
sound velocities four times larger, compressibilities 
thirty times smaller, and molar volumes smaller by half 
than those observed experimentally. 

The origin of this large discrepancy is the quantum 
zero point motion which was ignored in the classical 
calculation. From quantum mechanics, it is known that the 
perfect localization of atoms at zero temperature in the 
classical picture cannot be correct since the uncertainty 
in momentum would then be infinite. For a particle of 
mass m localized within one lattice spacing a, the kinetic 
zero point energy can be estimated from the uncertainty 


principle as 
EB = SS = ( 2p 1e2) 


re the Tories eaasene is increased compared to its 
classical value, the zero point energy is decreased but the 
potential energy due to the interparticle potential is 
increased. The equilibrium lattice spacing in a quantum 
solid is thus a balance between the repulsion due to the 
zero point motion and the attraction due to the potential. 
The small mass and weak attractive potential of helium 
result in a very large expansion. Associated with the 
expansion are large increases in the compressibilities and 
decreases in the sound velocities. 


In view of the very large amplitude of the zero 
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point motion of helium atoms about their mean positions, 
tnesharmonic form (2°)-7) is totally inadequate. In fact, 
calculations using the known potential and lattice spacings 
(deWette and Nijboer (1965)) show that at low densities the 
lattice sites are not at minima but rather at local maxima 
of the potential wells and the calculated phonon 
frequencies are imaginary. The helium atoms may be 
visualized as occupying spherical shells about their lattice 
Sites. 

ine contrasec vco. this*unusual microscopic) picture*oer 
solid helium, experiments show that sound propagates quite 
normally, albeit slowly, in accordance with equation 
(2.1-6) and the low temperature specific heat and thermal 
conductivity indicate that phonons are good excitations. 
What is needed is a theory of lattice dynamics of quantum 
solids which takes into account the zero point motion and 
which describes the propagation of sound in the long 
wavelength limit. 

Considerable progress on such a theory has been 
made (e.g. Guyer (1969) or Glyde (1976)). The essential 
features of the theory of Semeun solids are very briefly 
summarized below. 

First) it*®iss;important to realize that, in their 
zero point motion, the atoms' positions will be correlated 
in order to avoid close encounters in which the hard core 
repulsion is important. These short range correlations 


may be taken into account (Nosanow (1966)) by assuming the 


OL 


srimkireda. deer ~todt-duotr entoss mitled to neiten saleq a a 
dos? al .etsepshani yilevod =e: (T<£.S) tee2 sincnrest ont 
epaiosda soirtas! O65 [sttned oq nwon®% sis pent 5) ecotsshuetac 
eft agitianed wol 76 tens Bide ({2cCl) woodeih Oas a+75We5) 
“Ss AE hel wisest Sod Bsminam 76 Fon Sis cette sorsvel 

nonoda petetooléeao andy bas ellew léionesog sit zo 
sa ven emote meiien ent -ytei pam a sekocavpet? a 
astedéel tiadt strrods ellede [estisdqe. prityaioce 8s beat laueiv 


.aetiea 


‘hyo asirerecord Sopoe Derk iwede erzrrenizegqxs ms con bLiog ; 


aoieseps doyiweedrniaittososi at .vyiwole tirodia ,yliamsor : 


_ 


- 


wteand Pos teed Sfhioeeas srvutereqmes wol eax Ome (Q-1-9) 

snortsdioue Boop stB eaonota sodt ssaenibalt yivisoubaes 

mwinasp to eotmenyD sos tset to yiosd? s at Sebesn ef Jean 

bas ftoisom s2nfod coxses ort Pavopos o¢aL Beene? dosrw ebiioa mT 

iol sie az Danoe Ve meltsosqoriq ade esdéuoeob aobiie 7 

tintt dope fevew | 

need eat yroort & hve no seaetpors eidsrebiened » ? a 

_ 
Esttntieas, atl .. | (OVRL) shylo so (2dCL) ww .ovs} ahem 

sapere ema abiier lated o.yunerd edt to seduyees | 9 


ian bith i . af -woled Sesia iad 


pe 


Poe 7 








wave function to be of the form 


Vere Ore tee) at, (yee 2 rs 3) 
where 5 is the single particle wave function localized 

at lattice site de and f71isea Jastrow function, describing 
the short range correlation and could, for example, have 


the form 


f(r) = e RVIY) Cee) 
By choosing a plausible Gaussian form for the single 
particle wave function 

iz 
~ALr, ee . 

o, (x) =e (23 =—195) 
we can vary K and A to minimize the energy and find 

E = ha) Wg) erase gO Vera ao (2.1-16) 

4 ae ee! ef haan) 
gq Ce 
where 
= 22H 47 
) i o.(r,) ( ) 


and the effective potential is 
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As shown by Fredkin and Werthamer (1965), the phonons may 


be included with the resulting equation 


det[D, ,(q)- m w*(q) $,,]=0, (2012195 


identical to (2.1-9) except that-.the dynamical matrix is 
given by 
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Thus, in a quantum solid, short range correlations 
can be included by using an effective potential of the 
form (2.1-18) while averaging the second derivative of 
the effective potential over the zero point motion as in 
(o71-26) gives the renormalized force constants which 
give rise to phonons. 

With the above in mind, we can use equation (2.1-6) 
to find the various sound modes in helium, taking the 
stiffness constants Cs 


jk2 


The number of independent constants ie can be 


greatly reduced by using the symmetry of the crystal. 


from experiments. 


The elastic constants are generally written in the Voight 


notation in which Cis is written as a 6X6 matrix by 


kX 


replacing index pairs by single indices according to the 
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For a crystal with hexagonal symmetry, the matrix 


C.. has 5 independent elements: 


1) 
Cid Cio C3 0 0 0 
Ci 5 Cli C13 0 0 0 
(E e iS 0 0 0 
eg a 1) 1s oc (omens 
0 0 0 Cay 0 0 
0 0 0 0 Cay 
0 0 0 0 0 5(C Cs) 


while in a cubic crystal there are only 3 independent 


elastic constants 
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By solving the secular equation (2.1-6) for the 
crystal symmetry, the various sound modes can be found. 
In general there are three sound modes whose polarizations 
are mutually orthogonal. These do not propagate normal to 


the wave front but rather at some angle A from it. 
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For hexagonal crystals there is one pure transverse 
mode, one quasi-transverse mode and one quasi-longitudinal 
mode. The sound velocities v and the beam deviation 
angles A depend Only on the angle 68 between the wave 
normal andjthe c-axis of the hexagonal, crystal. 


The velocity of the quasi-longitudinal mode is 


given by 
£5 tated me 2 
Pees Cy PCy Siilecs  (C.+c) )icosmoats dG) ag2-1—23) 
where 
eZ Vv 7 Jay oh a 2 4 
o° (8) = (Cyy Cag) claw hee). oe (C33 Cy) Gos: 6: + 
+ 2sinzecos-6l (ec <= (cw Scle) F2i(eee tc al 
11 ~44 44° ~33 13 “44 
(2.1-24) 
Similar expressions give the velocities of the pure 
transverse mode Vind and the gquasi-transverse mode Vino° 


Figures 2.1A and 2.1B show the sound velocities and 
beam deviations, A, for hcp “te at yee] cm? /mole using 
the elastic constants as calculated by Calder (1977). 
Note that since Vr. depends only on 9, measuring the 
longitudinal sound velocity allows one to determine 6, 
although not always uniquely. 


POLmCUDICmCrEVStals,. the sound velocities, polariza= 


tions and beam deviations depend on the angles between the 
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Figure 2.1 Orientation dependence of sound velocities and beam 
deviations in hcp “He at 17.7 cm?/ mole. 
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tie wave front: normal and two crystal “axes so that at least 


two velocities are needed to find the orientation. 


2.2 Sound Velocity and Attenuation in an Ideal Solid 

In the previous section the sound velocities 
depended on elastic constants which were essentially 
phenomenological. At finite temperatures, the thermal 
motion of the atoms will certainly affect the elastic 
properties. In this section, the expected temperature 
dependences of the sound velocity and attenuation are 
discussed. 

A longitudinal wave may be thought of as a periodic 
density variation in which the compressed regions are 
heated and the rarefied regions cooled. If the heat Q, 
which flows from the warm to the cool region during one 
period is much less than the heat Q, required to equalize 
the temperature, then the sound wave will propagate 


adiabatically. Using the expressions 
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where v) is the Debye velocity and Th is the relaxation 
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time for resistive phonon scattering processes, the 


condition ‘for “adiabatic propagation is 


a7 ie: é Z 
Om" “<< oy | | [=| eu ak 22s 3) 
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so that sound propagates adiabatically for low frequencies 
or high temperatures (where ap is small). 

In the adiabatic regime, the variation with tempera- 
ture of the attenuation a and the adiabatic velocity is 
come from a mechanism considered by Akhieser (1939). The 
sound wave strains the medium and, since the thermal 
phonon frequencies depend on strain, the phonon system is 
disturbed from equilibrium. The phonon system then 
irreversibly relaxes to equilibrium via collisions between 
the thermal phonons. The effect on a due to this mechanism 


Wasmoecereca culated (e.g. biiatia (19679) as 





where y is the Griineisen constant (assumed to be the same 
for all modes). 

For an isotropic material obeying a reduced equation 
of state, Wanner (1973) has shown that the adiabatic 
velocity has the form 
d&ny 
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where U is the internal energy. At low temperatures 


where U(T)-U(0) = AT? + Bre tet, DENS: Leduces 3Lo 


v,(T) ~ v0) = at + br. (2.2-6) 


As the temperature is lowered, o becomes larger 
Until at some point the condition (2.2-3) for adiabatic 
propagation is violated. For helium, the relaxation times 
as determined from thermal conductivities (Hogan (1969), 
Thomlinson (1972)) are such that pits 1 at a temperature 
between 1 and 2 K for a frequency of 3 MHz. Below this 
temperature sound propagation is no longer adiabatic and 
ihe might be expected that the propagation would become 
isothermal. However, in order to speak meaningfully of 
either adiabatic or isothermal sound propagation, the 
phonon system must be in local equilibrium over regions 
small Poon ned or: sound wavelength. This eae Ene is 
the phonon mean free path & must be much shorter than the 


sound wavelength 
WP eseee oh OG gee Reena (2.2-7) 


where Tt is the total phonon relaxation time determined 
from the relaxation times Ty for momentum conserving 
(normal) processes and ze for resistive (umklapp) processes 
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= 
io 


yi 


— (2.2-8) 
N u 
Pitis, fOr, UsOotnermal, as Well as for adiabatic 


sound propagation, it is necessary that 
(ny get (2.2-9) 


The time Ty can also be found from the thermal conductivity 
and, LOr 3 MHZ sound, the condition (2.2-9) breaks down 

at about the same temperature as the condition (2.2-3) 
foupadtolbat le pLODagacion. Thus, there is no regionof 
isothermal sound propagation in solid helium at frequencies 
above a few MHz. 

At low temperatures the mean free path of thermal 
phonons becomes very large and they are said to propagate 
ballistically. The sound wave is then best regarded as a 
beam of coherent low energy phonons which are scattered 
by thermal phonons because of the anharmonicity of the 
crystal. In this so-called "zero sound" regime, the sound 
velocity has been calculated (Maris (1971)) as 


2 
Y (Gaal 
v,(T) = vi (T) + eff V_ (9991 0} 


2pVv, 
where eee is a complicated effective Gruneisen constant. 
The zero sound attenuation was also calculated and found 


to be of the form 


Qi en. sh ee . ‘ 


. a = 
‘But’ <3 ee + a «i > 
\Unrae & 7 ¥ Bas , 
u ¥ 
~siesdsibe Tot @8 [Lew 86 bestredsoet 105 , act 

ted4 yyeeesoes zi Jl. noitapsgorg Saves 

(e= “2 “* 
ty) 


(got ad opts aso _? amie gat 
nwob estegxd (@-S$.8) mwestiinaus ail ,fauce sam € 203 . base 
_c ¢) qotethroo Bae Se Guvseregees snse ode Je0dse 35 


Hee on 2i exett eo? notsepeqosq oisadeias 107 


eotonsppeyrt te ims bedehriloe mt red ‘Syeqorg bruree lamsecdtoes 
2M wet s evods 
amet? Yo dérq.vaxt nBem Ste roivssiSqued wol 3& ; ‘ 
[Fhe oad ot Brea ote Ustt bre spyel yzev eamoved eaonong ~ 
s ec bebxeves 3064 cod? 21, avew bauoe edT ytlestvettiad : 
hergitss2 sta foldw anotadg yoterns wol jaouptioo to moe 
ert 16 vitolnentsdés sift To etcresd enotorg Lamsend bs! * 


toe 


bauee aft .omtes: “batioe Oteg"” Bbelidao-oe airs al 1938 ¢99° ”% 


‘eas ( (40 QE) aise) bere ispten need 26 ys isotew 





orotate (0 (2872-11) 


Thus avy uot--~*l= there 1s a transitron’ £rom' zerovto 
adiabatic sound propagation which shifts to lower 


temperatures (larger T) as the frequency is decreased. At 


the transition, the attenuation changes from the 4 
dependence of equation (2.2-11) to the form (2.2-4). In 
adartron, the*velocity has”"a’shift given by™ (2% 2-10) em the 


magnitude of the shift is hard to estimate but the zero 
sound velocity is greater than the adiabatic velocity and 
approaches it as T > 0. 

In solid helium, it is also possible to propagate a 
lightly damped phonon density wave or second sound 
(nckerman=and! Overton (1969))) -S*This=ts*notwa= quantum 
effect but is rather due to the high purity of solid 
helium which permits long relaxation times for resistive 
processes. If this relaxation time is much longer than 
the period of the oscillation (WT, >on)" then’ the 
disturbance can propagate. However, in order for the 
phonons to be in local equilibrium within one wavelength 
there must be many normal processes (WT <7) ee Thus) @there 
is a window for second sound propagation given by (Guyer 


and Krumhansl (1964)) 


(ite Se | ae WT. (2.212) 


If second sound can propagate, it will couple to 
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fest, sound, attenuating it and shifting its velocity. 
However, the window for second sound (2.2-12) is essen- 
tially the same for isothermal propagation and does not 


exist at frequencies above a few MHz. 


2.3 Cuystal.sDefects+and, Sound Propagation 

So far, only perfect crystals have been considered. 
In this section the effects of crystal imperfections on 
sound propagation are discussed. 

Since helium can be highly purified, the only point 
defects which need to be considered are vacancies and 
isotopic impurities. Direct X-ray measurements of the 
number of thermally activated vacancies (Fraas, Heald and 
Simmons (1977), Heald (1976)) give activation energies 
Wo vival Shaye of between 2.3K (V = 24.86 Gis male mand 21K 
GL8 a8 em” /mole) and vacancy concentrations at melting of 
about 0.5% (bcc) and 0.1% (hep). In hep “He (V = 20.2 
cm?/mole) the activation energy is 12.7 K with about 0.2% 
of vacancies at melting. 

The vacancies give a significant contribution to the 
thermal properties of helium, particularly in bcc 3He at 
low density (Greywall (1977)) where, near melting, the 
specific heat due to vacancies is comparable to the lattice 
Specific heat. Therefore, the expression (2.2-5) for-the 
adiabatic velocity should be modified to account for the 


vacancy energy. Iwasa and Suzuki (1981) have shown that 


a term proportional to fC 46 (T) AT should be added to (2.2-6) 
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where 


= (Pree 


is the vacancy specific heat. 

The quantum nature of solid helium has important 
consequences for the mobility of point defects. Due to 
the large overlap of the wave functions of neighbouring 
lattice sites, exchange (tunneling) processes are possible. 
This allows vacancies and impurities to move, even at 
zero temperature. Various authors (Hetherington (1968) 
and Mineev (1973)) have considered this process and 
concluded that the tunneling motion of vacancies or 
impurities can become coherent at low temperatures and 
lead to wavelike propagation of the defects. Experimental 
evidence to support this viewpoint comes from NMR spin 
diffusion experiments on dilute mixtures of eae ei ae 
(Mikheev et al. (1977)) in which the mobility of the 3ue 
impurities increased as the temperature decreased, limited 
only by impurity-impurity scattering. 

The effect of such mobile defects on sound propaga- 
tion was considered by Meierovich (1975). He found a 


contribution to the attenuation of the form 


to (ose) 
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-W._/T 
where Ny (T) ~ e i is the number of thermal vacancies 


and .t.> ae is the relaxation time. This attenuation 
increases monotonically with decreasing frequency and 
goes rapidly to zero at low temperatures as the number of 
vacancies decreases. 

Besides point defects, all real crystals contain 
dislocations. These are known to make important contri- 
butions to the attenuation and velocity of sound, 
especially in metals (De Batist (1972)). 

The effect of dislocations on sound propagation was 
treated by Granato and Lucke (1956), based on a model due 
Pom oenler (1952). einethis model, a dislocation line 
nenaved like a damped vibrating string. The fundamental 
equation of motion for the transverse displacement € (x) 


Of the dislocation-is 
i GLE. RE ee eee) 


The effective mass (A = Toa where a is the Burger's 
vector) and the effective string tension (C = 2Gaa) ae 
where G is the shear modulus and v is Poisson's ratio), 
result from the energy in the elastic strain field around 
the dislocation. The damping B comes from interactions 
between the moving dislocation and thermal Bhonone and 


is at low temperatures generally of the form 


B= gt. (2.3-4) 
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The driving force is provided by o, the shear stress 


normal to the Burger's vector. 


The contributions Av(2) 


and a(%) to the velocity and attenuation due to a unit 


Cencityeotscislocation loops of lendth & are 
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where Vin 


is the velocity of transverse sound. 
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crmwtical loop length de which has a resonant frequency 


(Zee sy 
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various values of the damping B. 


Note that the loops 


shorter than Xe reduce the sound velocity while those 


longer than da increase it. 


In a real crystal, 


the dislocations form an irregular 
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Velocity Change 


hcp 4 He (17.7 cm3/mole) 
SeViekiZ 
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Figure 2.2 Dislocation contributions to velocity and attenuation as a function 
of loop length. 
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network with the loops pinned where they intersect. They 
Can also be pinned by impurities which are bound to them and 
BYyEIOCUS-s a Nee resulteisea distribution of Loop Jengths. 

For the’ case of pinning by random point defects, the 


distributions us 


L 


(= 
NCQ) = 4 exp ea (2.3-9) 
L 


for an average loop length L and dislocation density A. 
The contribution of alll’ the dislocations tomthe 


velocity and attenuation is 


aL (26-3=10) 





an Ese | egy Sue 
V V 
Oo Oo 
and 
a = R | QNCL) a CL ered Lv . (2733-11) 


where R is an orientation factor which accounts for the 
fact that only the shear component of the stress normal to 
the Burger's vector acts on the loop. 

The effect ‘of having a continuous istribuGion ot 
loop lengths is shown in figure 2.3. This shows the 
contributions Av(L) to the velocity and a(L) to the 
attenuation due to a unit density of dislocation loops 
with a length distribution ~ eee Comparing figures 2.2 


and 2.3, we see that the distribution of loop lengths 
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Figure2.3 Dislocationcontributions to velocity and attenuation of a distribution 
of loop lengths 
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reduces and smears out the anomaly at low damping and 
reduces the effective critical length (value of L for 
which Av = 0). 

If the slip systems (planes in which the dislocations 
lie, together with the glide directions in which they 
move) are known, then R can be calculated from the elastic 
constants (Henneke and Green (1967)). 

Measurements in metals (Nabarro (1967)) indicate 
that in materials with the hcp structure the dominant 
slip system consists of dislocations lying in the basal 
plane, free to glide in the three close packed directions. 
The orientation factor for the three sound modes is 
shown He: Ligure 2.4 for hep He at ieee cm?/mole as a 
function of the angle 6 between the wave normal and the 
C-axis. Note that for Longitudinal waves?’ R s 0.13 for all 
angles and is zero at 9 = 0° and 6 = 90°. 

In bcc materials, the slip systems are not so well 
defined but, in systems with cubic symmetry, the orienta- 
tion factor is much less anisotropic (Green and Hinton 
(1966)) and depends on both orientation angles. 

The damping coefficient B is due to the interaction 
of thermal phonons with the dislocations and so increases 
with temperature. If the thermal phonons scatter off the 
strain tiela of the moving dislocation)» due to the anhar— 
monicity of the lattice, the damping reduces to the form 
Bae T° at low temperatures (Brailsford (1972)). The 


dislocations can also "flutter" in the stress field of the 
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Figure 2.4 Dislocation orientation factors in hcp 4He at 17.7 
cm? / mole 
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thermal phonons, radiating energy and giving a low 
temperature damping B ~ 73 (Ninomiya (1974)). 

The temperature dependence of the velocity change 
and attenuation due to the exponential distribution 
(2Zeo-7)8 OFsloopr langths, 1s shown in 1icgure. 2.5 with the 
choice B ~ T for the damping. The parameter t is defined 
as 


t = L/h. (Pag cee beh 


The parameters B, A and w(%) in equations (2.3-5) and 
(2.3=-6) are @hose=-forshcp tue a teglilessh cm?/mole. The short 
loops are more important at high temperatures where the 
long loops are too strongly damped to have much effect 
while the long loops become important at low T. 

By increasing the sound frequency 2, the critical 
length Xe is reduced and so the parameter t increases. The 
effect of afancaiae the sound frequency while keeping the 
loop length distribution (2.3-9) fixed is shown in figure 
2.6. As the frequency is increased, any negative velocity 
anomaly changes eventually to a positive one. Further 
increases in the frequency reduce the amplitude of the 
positive anomaly. The attenuation, which rises roughly 

n 


ase = ~ T “ at high temperatures, eventually levels out 


at a temperature which is higher for higher frequencies. 


2.4 Experimental Results in Solid Helium 


The earliest measurements of sound velocities 
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Figure 2.5 Dislocation contributions to velocity and attenuation as 
functions of temperature 
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Figure 2.6 Dislocation contributions to velocity and attenuation as 
functions of Frequency 
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in solid helium were made by Vignos and Fairbank (1966) 
(Dot Dcotandsaincp, Ane and pier Their measurements 
showed a scatter of up to 12% which was interpreted as 
evidence of anisotropy. Later measurements of sound 
velocities in single crystals oriented by birefringence 
methods (hcp pHa Wanner ancdwEranck# (197038. Crepeaivet tale 
(1971)) and by X-ray methods (hcp and bcc yey bcc cues 
Greywal 1en@ 99719) 8,8 401.997 5). F0El97 6) 08 have) ‘cont immedi thi'si\tand 
allowed the elastic constants to be determined. In hcp 
“He the elastic constants are unknown but the variation in 
v observed by Vignos and Fairbank indicates an anisotropy 
Samal eOmthatt om hep Ane at the same density. 

Once the description of sound propagation in terms 
of elastic constants was established and the molar volume 
dependence of those constants measured, attention was 
turned to the temperature dependence of the sound velocity 
and attenuation. Almost all of the measurements to date 
have been on hcp 4 te due ‘to® the availability* of pure 4te 
and the existence of the hcp phase over a wide temperature 
range. 

The early measurements of Franck and Hewko (1973) with 
SMH zt Vong’ tudinal*sound-wn: hep tue showed a velocity 
decreasing with temperature proportional to rt, in agree- 
ment with equation (2.2-6). However, ‘at about one half of 
the melting temperature, most crystals showed a "knee" 


below which v did not change. The attenuation increased 


rapidly in the knee region. This combination of a 
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deviation of the sound velocity from the adiabatic form 
(2.2-6) and an increasing attenuation as the temperature 
is lowered is referred to as the anomaly. 

Later measurements by Wanner, Iwasa and Wales (1976) 
at 8 and 12 MHz also showed the anomaly in the longitudinal 
velocity. In their measurements the anomaly took the form 
of a smooth deviation of the velocity from the adiabatic 
form. The anomaly was sometimes positive and sometimes 
negative and had a magnitude Av/v. $ sxloste They fitted 
their data quite successfully with a parameterized form 
of the Granato-Lucke equation (2.1-11) and found typical 
dislocation parameters B = ors) aie whereman @2m2)liwcel0°- cm 


and RA ~x (245)0 08 Be They also observed an anomaly 


with transverse sound and found that adding 0.01% Pie 
suppressed the anomaly. | 

The longitudinal measurements were later extended to 
cover a range of frequencies and to include the attenuation. 

Caldermeand! Francke (1.9777) wanderl978) 2and) Calder 41977) 
measured v and a in hcp the between 5 and 25 MHz. They 
found the anomaly to be very frequency dependent, with 
smaller positive velocity anomalies at higher frequencies 
and attenuation rising down to temperatures of about 0.5 K. 
The anomaly at 5 MHz was generally positive but in at 
least one case was negative. In addition, they grew two 
crystals which showed no anomaly at all. 


Iwasa; Araki and Suzuki (1979) performed measurements 


between 10 and 50 MHz with results similar to those of 
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Calder and Franck. They were able to fit the velocity 
anomaly at 10 MHz to the Granato-Lucke equation (2.1-11) 
using athesexponentialadistribution, (2.3-10).of loop 
lengths. They then found that the Velocity Vatahigner 
frequencies and the attenuation were at least in qualita- 
tive agreement with the Granato-Lucke values found from 
the 10 MHz parameters. Their dislocation parameters were 
Substantially in agreement with those of Wanner et al. 
(1976). Iwasa and Suzuki (1980) investigated the effect 
of adding 3He LIPULIL Les elOeLheiresanples= —ihey ground 
that, uate lows. mpuri ty concentrations (30 -and  300.ppm);, «the 
anomaly was partially suppressed but had an amplitude 
dependence which could be described by the Granato-Lucke 
theory of stress induced breakaway from impurity pinning 
points. The binding energy between a oe Impure. Cy mandaa 
dislocation was estimated as about 0.3 K. At high She 
concentrations (13%) the ote a ar below 1 K was fairly 
well described by the zero sound form (2.2-11) while the 
velocity was of the adiabatic form (2.2-6) down to the 
lowest temperatures (~ 0.1 K). 

There have been several other ultrasonic measurements 
of attenuation in hcp otek MSuruokaganO eh iki Log, oy 
measured the attenuation of longitudinal sound between 5 
and 45 MHz near the melting temperature. They interpreted 
their results in terms of overdamped dislocations but 
their dislocation densities (36007 ena are very 


dpeferent from those found in other experiments. By using 
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Enessound vVelocatysto orient their crystals they found 
Eidgtetne: dttenuge1on hadean Orientation factor of the 
form shown in figure 2.4, indicating that the glide plane 
is the basal plane. 

Sanders et al. (1977) measured the attenuation during 
plastic deformation and found that it increased greatly 
during the first 1% of deformation, a result which could 
be due to dislocation multiplication during deformation. 

Tsymbalenko (1978), (1979) measured the internal 
lige Noleskelgy BO eheye)s) fue at 15 and 78 KHz. His results were 
also attributed to overdamped dislocations and the dislo- 
cation densities and damping constants agreed reasonably 
well with those of Wanner et al. (1976) and Iwasa et al. 
foo eee nem cOuUnGde that adqqing “We impurities decreased 
the internal friction but observed little change when he 
deformed his samples. 

Paalanen et al. (1981) measured the internal friction 
and shear modulus in hcp He at 330 Hz. They observed 
very large reductions in the shear modulus which were 
greatly affected by 3He concentrations as low as 0.3 ppm. 
Their results were well described in terms of overdamped 
dislocations and, using the dislocation parameters obtained, 
they were able to show agreement with the higher frequency 
measurements of Tsymbalenko and of Tsuruoka and Hiki. From 
the amplitude dependence of the internal friction they 


estimated the energy binding a 3He ALOMMLO mas lsLOCaAtLOn 
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Aom Ow et weil bit. as pure are (0.0024 ppm she) the damping 
Constant Was found to berof the form B = gT? 

Finally, Berberich et al. (1976) measured the 
attenuation of GHz phonons using stimulated Brillouin 
scattering and found it to have the zero sound form 
(2.2-11) over the entire temperature range. 

There are far fewer results on sound propagation in 
euer Other than the early results of Vignos and Fairbank 
(1966) there have been no measurements in hcp eae and the 
few measurements in bcc te did not show any anomaly. 

Wanner et al. (1973) measured the temperature 
dependence of the sound velocity at 10 and 12 MHz in bcc 


: FS) at 24-1 cm?/mole down to 123 mK. They 


Hema 200.2 
were able to observe the longitudinal and both transverse 
modes but found no anomaly. The velocities were of the 
form (2.2-6) with large 7° terms. 

are and Suzuki (1981) made similar measurements of 


3 


longitudinal velocities in bcc ~He (24.4 eme7mole. between 


10 and 50 MHz also without seeing an anomaly. They 


6 term as being due to vacancies 


interpreted the large T 
ana were able ito. fit the velocity by using astermpometne 
TOLIE (23) e: 

Iwasa et al. (1981) observed an increase in attenua- 
ELON In eimpucesbcc 3He (480 to 1600 ppm of 3He) below the 
isotopic phase separation temperature which they 


attributed to dislocation multiplication during the phase 


separation. They also concluded that dislocations are 
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Pinned by the Peierls potential in bcc ane 

The experiments reported in this thesis were 
intended to duplicate in 3He as closely as possible the 
conditions of the ultrasonic experiments in hcp fel 
TOoraoO. thas, pure Sue was used (1.35 ppm 4 te) and crystals 
were grown in the hcp phase. In addition, bcc ony crystals 
were studied and the effect of impurities (tHe) was 
investigated. Finally, hcp 4ue crystals were grown with 


varying amounts of we to provide a comparison to previous 


work on hcp ener 
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CHAPTER 3 


EXPERIMENT 


3.1 Experimental Apparatus 

In order to perform these experiments, it was 
necessary to achieve and measure temperatures down to 100 
mK, tO maintain pressures up to 200 bar and to measure 
the ultrasonic velocity and attenuation with considerable 


sensitivity. 


3.1-l1 Refrigeration 

The low temperature portion of the cryostat is 
shown in figure 3.1. The primary means pEaeCcolenG was a 
dvlucioneretrigerator, (SHE minifridge)... The 1K stage 
consisted of a oie pot with a volume of about 0.4 liters 
which could be refilled from the main dewar. The ultra- 
sonic cell was thermally sete CORENe maxing Chamber of 
the fridge by strips of high purity copper clamped tightly 
to the mixing chamber and to one end of the cell. The 
cell was supported by a graphite column hung from the 
tHe pot. This support column had several copper rings 
which were thermally anchored to the still, the heat 
exchanger and the mixing chamber. 

When tested without the sound cell, the fridge 
reached about 50 mK, near the limit of 40 mK quoted by the 
manufacturer, indicating that heat leaks due to the support 


column and thermometer leads were less than about 1 uW. 
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Figure 3.1 
Cryostat 

*He pot needle valve 
Pressure line (capillary) 
*He pot 
Stil ened ten 
sree Jal 
Copper rings 
Mixing chamber 
Calibrated Germanium thermometer 
Pressure line heater 
Temperature controller thermometer 
Capillary heater 
Capillary support 
Vacuum can pumping line 
“He pot pumping line 
Dilution fridge pumping line 
3He return line 
Vacuum can 
Graphite support column 
Still thermometer 
Mow limtring capmllary, 
Heat exchanger 
Thermal link (copper foil) 
Cell heater 


Ultrasonic: cell 


Electrically insulating pressure line coupling 
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With the cell in place the lowest temperatures reached 
were about 65 mK, indicating an extra heat leak of about 
SVUW.2  Mostof this was probably’ due ‘to the. stainless 
steel pressure capillary which entered the vacuum can at 
4K. This leak was reduced as much as possible by making 
the capillary as small (0.3 mm outer diameter with a 0.1 
mm i.d.) and as long as possible (about 3 m long, coiled 
below the cell for compactness). Some heat flowed 
through the helium in the capillary but no difference was 
observed between the ultimate temperatures of the cell 
when it was empty and when it was full. 

In fact, the main heat input to the cell came from 
the ultrasonic signal. Due to inadequate electrical 
shielding, noise from the ultrasonic electronics was 
picked up by the thermometers and heaters on the cell, 
warming it to about 75 mK. Even more significant was the 
Hesiiind due to the rf signal to the transducers. Some of 
this was converted to sound waves which were attenuated 
and converted to heat in the helium sample. The rest of 
the rf energy was converted directly to heat in the 
coaxial leads to the cell and the electrical feedthroughs 
in the cell.© The amplitude of ultrasonic signal needed 
depended on the quality of the signal in the sample. Even 
in samples with strong signals and Ka attenuation, the 
minimum input which still allowed an accurate measurement 
of the velocity and attenuation heated the cell to about 


90 mK, indicating a total heat input of about 10 uW. At 
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higher ultrasonic frequencies and in crystals with poor 
Signals, the necessary input signal was greater and the 
limiting temperature correspondingly higher. 

The pumping systems are shown schematically in 
Figure 3.2. Due to the relatively small fridge, the 
pumping requirements for the system were modest. Not 
shown in figure 3.2 is a Varian 974 partial pressure 
gauge which was connected to the pot system, the fridge 
system and the vacuum can system. This was used to 


PHeeeHe Taclos amy) chie adilution= fridge and tor Look 


monitor 
for leaks in the pumping and pressure systems and was 
invaluable in diagnosing leaks in the low temperature 


DOBtCIONS OT Chercryostat. 


3.1-2 Thermometry and Temperature Control 
Since the lowest temperatures encountered were 
around 65 mK, electrical resistance thermometry was 
adequate and no problems were encountered in making thermal 
contact to the thermometers. All thermometers were 
mounted in copper blocks which were clamped to the cell 
or fridge. Thermal contact was made with Apiezon grease 
and by varnishing the leads to copper posts screwed into 
the mounting blocks. All thermometer and heater leads 
were thermally anchored at the pot, the still, and the 
heat exchanger to reduce the heat load on the fridge. 
Speer carbon resistors (220%, 0.5 W) were mounted on 


the still and on the sound cell and were used primarily 
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Figure 3.2 


Pumping Systems 
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Coveremperature control. For this purpose they were used 
LieseLwOoWire configuration in the arm of a bridge in 
which the out of balance signal was amplified and fed to 
apheatersanaorder@toa control, the.tempenatune. wDue to tthe 
lgmatedasensitivityeot thescontrollers:thisi method.was 
useful only at temperatures above 0.5 K. Below 0.5 K, 
temperatures were maintained by manually balancing the 
heater current against the cooling power of the fridge. 
The cell heater consisted of about 200 2 of fine manganin 
wire wound and varnished onto a brass post. 

The primary thermometer for data gathering was a 
calibrated (30 mK to 5 K) germanium resistance thermo- 
meter (Lakeshore Cryogenics GR-200A-30) which had an 
estimated accuracy of +1 mK below 0.5 K and +2 mK above 
0.5 K. The resistance was measured in a 4-wire configura- 
tion by a SHE potentiometric conductance bridge which had 
an accuracy comparable to that of the thermometer. No 
change in the resistance of the thermometer was observed 
after thermal cycling to room temperature and no indication 
of thermometer self heating or inadequate thermal contact 
Was observed «wASmasresuilt,.» the) Jumiting sMaclomein the 
accuracy of the temperature measurements was the tempera- 
ture stability during a measurement. For typical heating 
Om cooling. ratesethis) contributed, an, uncertainty of, Less 
than 5 mK to the temperature values. 

When a continuous record of temperature was required, 


the output from the SHE bridge was recorded on a chart 
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recorder. 


3.1-3 Pressure System 

Since crystals of both bce and hcp eae were to be 
grown and the effects of density studied, it was necessary 
tO generate and Maintain pressures up to 200 bar. The 
limited amount of eH available (about 0.56 moles) meant 
that the cell and the auxiliary equipment (gauges, valves, 
etc.) could have little volume. The sound cell, when 
Duvet had an internal volume of °2.)2 21 om? and, using 
this size, a pressure system was designed to generate 
200 bar and maintain it during crystal growth. A schem- 
atic of this system is shown in figure 3.3. 

The valves PVl to PV7 are HIP 1/16" valves, selected 
for their small internal volume and their ability to 
hold up to 1000 bar. The pressure gauge is a Heise 
bourdon tube gauge (0-200 bar) which was calibrated 
against a dead weight gauge to an accuracy of +(0.1 bar 
a Ovenls) 

The primary sample of 3He consisted of 0.56 moles 
Ofegas in a cylinder with a volume of 7.9)liters sein 
order to increase the pressure, the 3He was condensed into 
a coil immersed in liquid coe The condensing coil was 
made from 2.05 m of 1/4" stainless steel tubing giving an 


internal volume of 24.1+.2 ae. 


3 
The internal volume of the pressure gauge (13+.5 cm ) 


was used as ballast to keep the pressure in the cell 
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Figure’ 3.3 


Pressure system 
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Nearly constant aquring cxystal growth. The volume 
between the valves PV6 and PV5 was measured to be 
LORILO 22.005) cm? and was used to add known amounts of 
gas either to the cell or to the gas sample. 

The pressure system also had a line which allowed 
the system to be pumped out and checked with the partial 
pressure gauge for impurities before admitting the guen 
The cylinder of hydrogen shown was for flushing the cell 
to remove impurities since the size of the capillary 
prevented rapid evacuation. The tue cylinder shown 
contained 4He at low pressure (~ 5 bar) and was used to 
add tue to the 3He sample. 

The sound cell was leak tested up to KO) Gee. the 


condenser up to 600 bar and the rest of the system was 


tested to 200 bar before using it. 


3.L—4) Ultrasonic Cell 

THe] trasonirce celts shown in figure 3.4. ft 
consists basically of two parallel quartz transducers, one 
used as a pulse generator and the other as a receiver, 
with the helium crystal contained in the space between 
them. 

For strength, the cell body was made from hardened 
beryllium copper, elhe two sides, of the central body 
piece were polished flat and parallel to be used as a 
spacer for the transducers. The two main body pieces were 


sealed to the central spacer with an aluminum gasket and 
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Figure 3.4 
Ultrasonic Cell 
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the end caps were sealed to the body with indium O-rings. 
The cell was assembled with stainless steel screws. 

the two transducers were 1/2", 3 MHz, X-cut. quartz 
transducers, overtone polished and gold plated (Valpey- 
Fisher). Their front surfaces were supported and 
electrically grounded by the central spacer. They were 
backed by polished Be-Cu pistons which were held in place 
by springs and insulated from the cell body by Vespel 
jackets. 

The electrical feedthroughs through the end caps of 
the cell were Be-Cu pins, eae with indium O-rings and 
insulated by Vespel jackets. In one of the feedthroughs, 
a hole was drilled and the pressure line was soldered 
into it. This pressure line was connected to the capillary 
by an electrically insulating fitting a few inches away. 
This isolated the electrical feedthrough from the grounded 
Capillary. 

In order to weet the pressure line from freezing 
during crystal growth, a manganin wire heater (around 
1002) was wound around the pressure line where it entered 
the cell. In addition, the capillary could be heated by 


Dassingscurtrent directly through@it. 


3.1-5 Ultrasonic Electronics 
A block diagram of the system used to measure the 
sound velocity and attenuation is shown in figure 3.5. 


The phase velocity was measured using a modulated pulse 
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Figure 3.5 Block diagram of ultrasonic electronics 
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Superposition method similar to that described by 

Holder (1970), and the attenuation was measured: by 

comparing the heights of selected pulses in ae echostrain. 
The phase velocity was determined by measuring the 

rOUNd strip timesOfaa sound pulseine thescelhlees Thissas 


given by 
tek D7 (3% —J:) 


where D is the transducer spacing and v is the sound 
velocity. If a single rf pulse is excited, a series of 
echoes is received which decays away due to attenuation 

in the crystal and to misalignment of the transducers. 

If a second rf pulse is excited, it either adds to the 
echo from the first one or subtracts from it depending on 
whether the rf components of the second pulse and the echo 
from the eee Seana OGpROULSOLpphaser BEt a emce cons 
pulse is excited a time t after the first, the first pulse 
will have just completed one round trip and the echo will 
be exactly in phase with the second pulse, resulting in a 
maximum amplitude of the combined signal. 

The method for measuring the velocity then is to 
send widely spaced groups of two or more rf pulses 
separated by approximately t and to vary the separation. 
to get the maximum amplitude of ultrasonic signal, 
corresponding to a separation of exactly T. 


in practice, thesvalue of t is determined approxi- 
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mately from the echo train of a single pulse displayed 
in an oscilloscope. Then the frequency synthesizer 
(Recklanda5100)ieisaseteto! a. frequencynVeze1/T. + vAfter 
passing through a frequency locked oscillator (EIC F34) 
to reduce the noise level, the continuous wave signal of 
frequency v is converted to spikes by a decade frequency 
divider (Matec 122B). The frequency divider also converts 
the signal to a series of spikes of frequency v+100 or 
v+1000. The undivided series of spikes (frequency v) 
is fed to a pulse generator (HP 8013A) which is equipped 
with a gate. The frequency divided signal meanwhile is 
fed to a second pulse generator (HP 222A) and the output 
pulses from this go to Mis gate of the first pulse 
generator. The result is a series of groups, separated 
by a none TX100 or tx1000, of several pulses separated 
bysamtimesd t# 

These a onee peeises are used to etisecs the rf 
pulse generator (Matec 6600 with a 755 or 760 plug-in) 
which drives the transducer. The rf pulse generator is 
tuned to a resonant frequency of the transducer and its 
output pulses are sent to the transducer through an 
impedance matching network. The ultrasonic pulses which 
are excited travel back and forth in the sample. After 
going through another impedance matching network, the 
signal from the receiving transducer is amplified (by the 
combination pulse generator and broadband amplifier) and 


sent to the oscilloscope. 
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By adjusting the synthesizer ieee! the second 
puisewand the echotfrom®the first can be throught into 
phase, resulting in a maximum ultrasonic amplitude. By 
observing= the signal on =the *oscilloscopet’the time it = 1/v 
can be adjusted to within about one one hundredth of an 
rf period. For a 3 MHz transducer and a sound velocity 
or 500%m/sec, this means that t “and "henceyv «can ‘be 
measured to about 1 part in toe 

A considerable improvement in sensitivity can be 
achieved by using a lock-in technigue. The amplified 
and rectified signal from the receiver is fed into a box 
car integrator (PAR CW-1) whose gate is set on the first 
echo after the two pulses. The pulse separation ee T 
is modulated by the reference out signal from a lock-in 
amplifier (PAR HR-8) by adding the modulating signal (at 
around 300 Hz) to the signal from the frequency synthesizer 
using a stereo amplifier (Yamaha CA 610 II). fThis Be sas 
in a modulation of the pulse separation t and also of the 
Signal from the boxcar integrator which is then sent to the 
lock-in amplifier. By adjusting the frequency of the 
synthesizer, the signal from the lock-in can be zeroed, 
indicating that the pulses are separated by exactly T. 

The sensitivity of the method depended on the 
strength of the ultrasonic signal and on the attenuation, 
but was generally around 1 part in 1 Oen Themstabilaty of 
all the electronics was such that the velocity was 


reproducible within 3 parts in 10° from day to day. The 
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absolute accuracy of the velocity measurements was 
limited by the accuracy with which the transducer separa- 
tion was known and was about +0.5%. 

The attenuation was measured with an automatic 
attenuation recorder (Matec 2470A).: This compared the 
amplitudes of two selected echoes with a sensitivity of 
about .02 db under optimal conditions. The sensitivity 
dropped to about 0.1 db when the attenuation was highest. 
The accuracy of the attenuation measurements, however, 
was much lower and was limited by several factors. 

First, in order to reduce the heat input to the 
crystal, the pulse amplitude had to be kept low. This 
meant that the noise level became comparable to the 
height of the second pulse and affected the attenuation 
measurements. In practice, if the attenuation was 
greater than 5 db/cm, the measured values were unreliable. 
| Secondly, fre slight Pea ionmene of the transducers 
resulted in a non-exponential decay of the pulse amplitude 
and so the relative heights of successive pulses did not 
provide an absolute measure of the attenuation. The 
shape of the echo envelope has been calculated for trans- 
ducers tilted with respect to each other (Truell et al. 
(1969)) and for a simply curved reflector (Calder (1978)), 
allowing corrections to be made for these misalignments. 
The echo envelope in liquid helium is shown in figure 
3.6A and does not resemble the pattern for either tilted 


or simply curved transducers and is quite different from 
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Figure 3.6 Echo Envelopes: 





(A) Liquid Helium 
(B) Solid hcp Helium 
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the solid echo envelope (figure 3.6B). Also, the echo 
envelope for solid helium was apparently dependent on 
whether the pressure capillary blocked as the crystal was 
growing. Tt therefore seems that. the non=exponential 
echo envelope resulted from a complicated distortion of 
the transducers due to the forces exerted by the spring 
loaded backing piston, the somewhat distorted spacer and 
the solid helium. Rather than attempt to correct the 
attenuation values for this distortion, only changes in 
the relative heights of two echoes were considered. The 
absolute values of the attenuation could only be estimated 
but in some crystals near melting as many as 100 echoes 
were observed, a path length of nearly two meters, indi- 
cating attenuation values as low as 0.3 db/cm. 

Finally, the misalignment meant that the echo which 
was superimposed on the second pulse was not perfectly in 
phase en it over the tee surface of the transducer. 
This meant that the echo envelope was not quite the same 
for the double pulse case as for a single pulse. This 
effect was most noticeable when the envelope was very non- 
exponential and at higher ultrasonic frequencies when the 
misalignment was more significant. However, this did not 
seriously affect the relative measurements. 

In order to check the validity of the modulated 
multiple pulse superposition method, some measurements 
were repeated using sets of two and of five pulses, and 


using a single pulse echo overlap method (PEO) as described 
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by Papadakis (1976). The absolute velocities measured by 
ties tirce Methous agreea Within 2 parts 1m 107 and the 
changes in velocity agreed with each other within the 
sensitivity of the measurements (5-10 parts in 10> for the 
PEO method). The attenuation values, however, agreed 
Only within about 25% although the sensitivity to attenua- 
tion changes was roughly the same in the different methods. 
For this reason, the attenuation measurements presented 

in this thesis should be regarded as being relative 


measurements and of very limited accuracy, particularly 


at high attenuations and high frequencies. 


3.1-6 Sample Gas 

The majority of the 3He crystals were grown from 
3He with a nominal tue concentration less than 4 ppm 
(Monsanto Stable Isotopes). At the conclusion of the 
experiments, a sample was analysed by the U.S. Bureau of 
Mines and found to have 1.35+.05 ppm of aie. 

Crystals were also grown with varying amounts of are 
in order to study the effects of impurities. The gas 
used for this initially had a nominal ane concentration 
less than 0.1%. This gas was also analysed by the U.S. 
Bureau-or Mines and found to contain only 472.5 ppm”of ave. 
Crystals grown from this gas are indicated with an 
asterisk (*) before their number. 


By using the calibrated volume (0.103 cm?) between 


PV5 and PV6, known amounts of 456 could be admitted to the 
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gas sample. Samples were prepared in this way containing 
Aue in concentrations of (430440) ppm (denoted by **) and 
.(0.53+.05)% (denoted by ***), 

The tue crystals were grown from Matheson purity fe. 
The sue concentration was unknown but probably was < 1 ppm. 
Known amounts of 3He were added, resulting in es concen- 


Pratvensso far 0m) ppm) (denotedsby. *)) (105110) ppm 


(denoted by **) and (1400+140)ppm (denoted by ***). 


3.2 Experimental Procedures 
This section describes the methods and procedures 
used in growing helium crystals and in making velocity and 


attenuation measurements. 


3.2-1 Cooling Down 

The most important consideration before cooling the 
cryostat was to feeouoniey remove ae contaminants, 
especially aiee tErommechescel!. Since the £111 capillary 


was so narrow this involved quite long pumping times. In 


order to clean the cell out more effectively, it was flushed 


repeatedly with high purity hydrogen at around 100 bar. 
The flushing and pumping of the cell and pressure system 
was repeated about three times and took about 3 days. The 
cell and pressure system were checked for remaining 
contaminants using the partial pressure gauge. The cell 
and pressure system were then pressurized to a few bar 


with the sample gas. By this time, the vacuum can, fridge 
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4 
and “He pot had been pumped out and cooldown could begin. 
A few torr of fe waS admitted to the vacuum can 


tO¥wact as fanvexchange: gas “and !liquid ‘nitrogen (LN.,) was 


2 
Siphoned into the main dewar. When the cell had reached 
LN. temperature (in about 4 hours), the nitrogen was 
removed and replaced with liquid helium. After another 
4 hours or so, the cell had reached about 6 K and the 
exchange gaS was pumped out. When the can vacuum reached 
about 5x10’ torr (after several hours), the pot needle 
valve, which was submerged in liquid helium,was opened and 
the gic pec tial Led): 

By pumping on the pot, its temperature could be 
BeaQuced BuO GUE ni eaboutmel Z2ehour See Tett “to “cool fethe 
cell would reach 1 K overnight but if more rapid cooling 


Bie saHe mixture could be circula- 


was desired, some of the 
ted through the fridge. The cell then cooled to 1 K in 
about 15 minutes and a limiting temperature of about 0.5 K 
was reached in an hour or so. 

To reach lower temperatures, the oyese mixture 
was completely condensed into the fridge (a process 
requiring about 2 hours) and circulation through the 
FeLdge bequn se erAbout tha FEvanvhourta ftenethe sti iieneater 
was “turned’*on (to about 2 mw) the cell cooled below 0.5 K 
and continued cooling until it reached the ultimate 
temperature determined by the heat input to the cell. 


The ane pot lasted about 2 days without filling but 


could be filled without stopping the fridge so that 
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temperatures below 200 mK could be maintained indefinitely. 


ov272""=Pressubizing and Cooling the Sound cell 

The procedure for increasing the 3He pressure from 
its value in the storage cylinder of less than 2 bar to the 
pressure needed to grow a crystal (between 29 and 200 bar) 
was as follows. Once the sound cell had been cleaned, the 
He was allowed into the cell and condensing coil at its 
storage pressure of about 2 bar. The condenser was then 
cooled to helium temperature. By pumping on the dewar 
containing the coil, the coil's temperature could be 
reduced to 1.6 K. At that temperature the vapour pressure 
GE Sie is about Om O09mDareand iso about, 952) of =the 3 He 
sample was condensed into the coil. By shutting the valve 
PV7 to the storage cylinder and eine the condenser, 
the desired pressure could be generated. The system 
proved Bapabie of generating pressures up to 200 bar een 
nOVdLELLecurlty*. 

The same system was used with the second 3He 
sample (47 ppm of tHe) which was stored at 30 bar and with 
one With these samples it was easier to generate the 
desired pressure since the necessary amount of gas could 
be condensed into the coil at 4 K. 

Once a crystal had been grown and studied it was 
necessary to reduce the pressure below the melting pressure 


in order to grow another. This was done by cooling the 


condenser to LN. temperature and opening the valves PV5 
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anda PV6.-tosthe cell. 

The 3He crystals were grown between 29.6 and 185 
bar, corresponding to melting temperatures between 0.48 K 
and 3.95 K. The cooling was achieved by circulating some 


4 : : ; 
Ope Beam xtune wehrough whe dilutionmreinmigerator . 


of the 
The gas tended to condense at the still at around 1 K and 
evaporate in the mixing chamber which was warmer. This 
resulted in undesirable bursts of cooling rather than 
steady crystal growth. By heating the still with about 


1 mW, gas condensation was prevented and steady cooling 


resulted. 


oe CLystals Growth 

Since high quality helium crystals are best grown 
at constant pressure (Fraass et al. (1977)), that was the 
method chosen for these experiments. This involved two 
problems. First, when ene helium froze, the pressure 
dropped and more helium had to be supplied by the pressure 
system. Secondly, when the crystal was partially grown, 
the capillary tended to freeze and the crystal would 
complete its growth isochorically. The crystal growth 
procedure used was an attempt to solve these problems. 

To grow a crystal, the cell was first warmed above 


the desired melting temperature, T and the pressure 


M’ 
reduced below the melting pressure Pate iaew ole capwllary 
and the pressure line feedthrough into the cell were heated 


to prevent blockage and gas was circulated through the 
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Pye gescCovcoolsthescel] sacThe} cel liwas!) allowed sto, cool 
nearly to Tul then the power through the pressure line 
heater was increased to balance the cooling power of the 
fridge. By warming the condensing coil of the pressure 
system with the valves PV5 and PV6 closed, the pressure 
in the condenser was raised to well above Pur The valves 
PV5 and PV6 were cracked to increase the pressure in the 
ceilel ito Pate At this point the pressure line heater power 
was reduced slightly and the cell began to cool slowly 
(at about 30 mK/min) . 

When the cell reached Tu! the cooling rate decreased 
as helium began to freeze. At the same time, the pressure 
in the cell and ballast volume (provided by the gauge PG1) 
began to drop slowly. By opening and shutting PV6 and then 
opening PV5, small amounts of gas from the volume between 
PV. and PV6 (04103 cm?) could be admitted to the cell and 
ballast volume, Tinethas manner; the eniseeare in Ses Gat 
was maintained constant to within 0.2 bar during crystal 
growth. The slight increase in the cell pressure and the 
influx of warm gas when the pressure was raised warmed the 
cell slightly and indicated that the fill line was open. 

When the crystal first reached the near transducer, 
the liquid echoes deteriorated, then disappeared. As 
the helium froze, the cell temperature dropped slowly 
as the liquid-solid interface moved through the cell. 


After about 1 to 2 hours echoes began to appear, indicat- 


ing that the solid had reached the second transducer. 
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The echoes grew over a period of about 10 minutes. The 
Space behind the second transducer then froze and the 
temperature dropped quickly after the cell was completely 
filled with solid. 

Often, especially at pressures greater than 50 bar, 
te pressure line blocked just before-or* just atter the 
solid reached the second transducer. If the solid had 
not yet reached the second transducer, this was indicated 
by a drop in the temperature of the cell while the pressure 
measured on PGl remained constant. If the crystal had 
reached the second transducer, the echo envelope was also 
observed to deteriorate when the fill line blocked. To 
free the fill line, the heater power was increased until 
the temperature suddenly increased and/or the ultrasonic 
Signal changed, indicating that more helium had entered 
the ceri. 

The last stage of crystal growth seemed to be the 
most important in determining the quality of the ultrasonic 
ronal particCulLamly in -NCD CLYStals. =e te tiem seme nie 
blocked after solid echoes were visible, they deteriorated 
Guickly and usually did’ not recover completely when the 
fill line was unblocked. If the fill line remained frozen, 
the signal deteriorated until only a few very small and 
messy echoes were visible. 

In a few cases a solid echo envelope containing 
several minima was observed just after the crystal reached 


the second transducer. This pattern was similar to that 
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expected for transducers tilted with respect to each 

other and, after the capillary had blocked, the minima 
moved closer to the first echo, indicating an increase 
Timone st lit sangle.j  Inesome other cases, thescapillaryswas 
unblocked after the signal had nearly disappeared and the 
Slonalerecovercd almost to, its original. forms. The quality 
of the ultrasonic signal therefore did not appear to 
reflect so much the quality of the crystal as the align- 
ment of the transducers. 


The best ultrasonic signals occurred in hcp and high 


density bcc crystals. Up to 100 echoes were observed near 
melting with nearly exponential echo envelopes. [In bcc 
3 


He crystals grown at 35.5 bar, the best signals consisted 


of about 30 echoes. The signal in an hcp : 


He crystal 
Grownwat 145) bar is. shown. inv figure, 3.68. 

There were also differences in the strengths of 
the received signals. Some crystals with relatively 
low attenuation had only very weak signals, making it 
difficult to make accurate measurements without heating 
the crystal. This may have been due to problems of 
bonding to the transducer or due to beam deviations since 
in anisotropic crystals the ultrasonic beam does not 
propagate normal to the transducer but rather at an angle 
(Musgrave (1970)). In helium, which is very anisotropic, 
the longitudinal sound beam may deviate from the normal 
Dyvniipr Os ote Wannerm (1970)).. In thas sound cell, this 


would mean that only 75% of the beam would be reflected 
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by the second transducer, reducing the signal strength. 

Percovtalm@oL *apouv 00r bcc 3He ana= Z20enicD He crystals 
were grown. Those with strong ultrasonic signals, an 
echo envelope indicating good transducer alignment and 
moderate or low attenuation were studied in detail. At 
pressures above 50 bar this resulted in a rejection rate 
of about 50%. At pressures below 50 bar where no 
problems with capillary blockage were encountered, only 
about 20% were rejected. A few attempts were made to 
anneal the crystals near the melting temperature but no 
improvement in ultrasonic signal was observed. 

The low values of attenuation near melting 
indicated that there was little scattering from defects 
such as grain boundaries. The signal in each crystal 
studied consisted of a single set of echoes with a 
Wert cerned) VeLOCiLY.—s Lila) Cewrcrystais there appeared 
to be two sets of echoes corresponding to different 
velocities superimposed. The signal in these samples 
(presumably consisting of a few large crystals) became 
unstable near melting and the crystals were not studied 
in detail. The velocities measured at some densities 
varied from sample aa. Cenoe by as much as 15%, which is 
comparable to the range of velocities expected from 
rel anisotropy. These observations indicated that 
the crystals grown were either single crystals or crystals 


with only small angle grain boundaries. 





> nyeeere 


Atenotte ieante 


eleayerio 29 On US 
’ 
ms ,~elervie vinesepeie ’ pneite 
706 “now ye hanst3 o ft 
ta BS s - 4 1% += iS ‘ad 
; 163 Li! 257 Lat; 
: [ Ce Wore ‘ 
hs) " few sun [ 
(JD\0 WissIlta We | 
Y qc @t ies Pils .Siy & 
jjwade 26w Teme 
t ; f {2908 TOLIaveE : 
avseiey pot? ntisaisaoe ego 7. | 
& fey". tose AL feutpde §*) {'T 
s dtiw seqodas to tee salon 
t mags snedds alpseyvin wet 5 ml 


‘Weietli» co. pI aHoyAZsatGgo 


sslqmnm agods fi Janpta sat 


-fWetp stsow 


PittIBD.t BTL soo lori” ofse 


3 +h wot 1 eg stebom 

i 0 Svogs aotneeo tg 
~F ,20@ suede to 
liqse sihhiw seeidetd 
ovew @0% sucds 
‘ey2o 9@2 Lseans 
“siitt oi toemavedgnt 


7. tcamwvev wal sat 


esw. crane tere fedentbat 


iistm a8 dove 
ic tHoveledeas Beihoga 
.ytiooiey beg ptet=-Iiew 
250899 2 


sz2ouwtis save weit looisy 


eneoad. (elarayao peel we? 6 30 pittebenod UamEveRgE 


beibute ton st4aw eistay wort 


' 


ces waa 
ce rhe 


rT: erttlom aaern sidssenu 
‘ceneaaalnelies Bepubinen! Boks \-onaw ‘orth -thesdb a 


ss ee 


an cw sd oot 





70 


3.2-4 Ultrasonic Measurements 

All of the measurements reported here were made 
using the methods described in 3.1-5. The number of pulses 
Superimposed, the pulse repetition rate and the input 
pulse amplitude all varied somewhat but the general 
procedure is described below. 

Once a crystal had been selected for its strong 
ultrasonic signal, the rf frequency, pulse length and 
tuning networks were adjusted to give the minimum apparent 
attenuation. The velocity was then measured using the 
Oscilloscope and 2 to 5 pulses were superimposed to give 
the maximum amplitude. The pulse amplitude was reduced 
to the lowest value which allowed reasonable sensitivity, 
using either the amplitude control on the pulse generator 
or a 12 db variable attenuator inserted in the output 
line from the generator. The gate of the boxcar inte- 
grator was adjusted to oe one echo (usually ne 
first echo after the last transmitted pulse) and two 
echoes were selected for the attenuation recorder (usually 
the first and second echoes). It was not necessary to 
adjust any of these settings except when the rf 
frequency was changed. 

The whole tuning procedure could be repeated with 
the resulting velocity measurement agreeing with the first 
LOmwWLetnitipabOuUtmel spar tn Vee The attenuation measure- 
ments were much more sensitive to the tuning, varying by 


up to 25% forsditferent tuning. 
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Once the ultrasonics had been tuned, the crystal 
was cooled and measurements of v and a were taken every 
O-1 oO). 23K2" Tf desired, the ‘crysitaltcould tbe warmed 
and cooled repeatedly. The crystals were generally kept 
at least 0.2 K below melting during measurements. 

The amplitude of the pulses could be increased by 
using the variable attenuator. The attenuator was always 
returned to its original setting before further measure- 
ments were taken as it affected the tuning. Further 
increases in pulse amplitude involved using the amplitude 
control on the pulse generator. It too was returned to 
the original amplitude (within about 1%) before taking 
measurements. 

Once sufficient data had been collected at one 
frequency, the system was retuned to one of the harmonics 
(9, 15 or 21 MHz) and the crystal studied at the higher 
frequency. Most crystals had enough echoes (more than 
about 5) at 9 MHz to permit measurements but at higher 
frequencies only a few crystals had good enough signals 
to be studied. 

Once all the desired measurements had been made, 
the crystal was warmed and melted while measuring the 
velocity and attenuation. The start of melting was 
observed as a very sudden increase in the attenuation, 
accompanied by a change from decreasing to increasing 
sound velocity. This allowed the melting temperature to 


be determined within about 10 mK. The values of Tu thus 
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obtained agreed with the known melting temperatures for 
each pressure and were used to determine the molar volume. 

The onset of melting, as determined both from the 
ultrasonic properties and from chart records of the 
temperature as a function of time, occurred suddenly, 
indicating that no large unannealed pressure gradients were 
present in the solid. 

The transducer spacing in the cell was determined 
using the known velocity of sound in liquid Fe (Vignos 
and Fairbank (1966) and Abraham et al. (1970)). The 
velocity was measured in liquid 4 He between 23 and 120-bar. 
The average value obtained for the transducer spacing was 
0.933 cm with an estimated uncertainty of 0.5%. 

The stress amplitudes in the sound waves could be 
roughly estimated from the voltage V5 produced by the rf 
pulse generator and the received signal voltage ves te 
baMAZe Ene sratio Wes was about Le indicating a matching 
loss of about 40 db at each transducer. Equating the 
fraction Wae of the electrical power which is actually 


transmitted into the crystal to the acoustic power gives 
- SSA: m 
3 = 5 = ALO) (3.2-1) 


where R is the output impedance of the pulse generator 
(50 2) and o is the stress amplitude in the sound pulse. 


At 3 MHz, output voltages were around 8 volts corresponding 
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to a stress amplitude of about 100 N/m. At higher 
frequencies, the matching was even poorer and, as a result, 
the stress amplitudes at 9 and 21 MHz were 20 N/m? or 


less. 
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CHAPTER 4 


EXPERIMENTAL RESULTS AND ANALYSIS 


AM lerintroduction 

In this chapter, the results of the experiments are 
presented and analysed in terms of the expected features 
GfMsound= propagation as» discussed! in’ Chapter 22 Wthis 
introductory section briefly describes the important 
experimental results and outlines the sequence in which 
the data are presented. 

The first observation to be made is that, when cooled 
below about one half of the melting temperatures, both hcp 
andepce “erystals® of pure 3He (P4365 "DpmNor 4 He) showed an 
anomaly in the sound velocity and attenuation similar to 

4 


that previously seen in hcp “He. The anomaly took the form 


of a deviation of the velocity from the adiabatic form 


v, (T) —~ve(0) =Pal? YDTS ;, 2h — 6) 


accompanied by a large increase in attenuation. At the 
lowest frequency of 3 MHz the velocity deviation was usually 
negative and the magnitude of the relative deviation Av/v 
varied from less than fom to more than QxLOTON The 
attenuation at 3 MHz increased down to temperatures below 
0.5 K. In crystals with large velocity anomalies, the 


attenuation was also large, so that in many cases the 


ultrasonic signal disappeared, making measurements at 
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temperatures below about = "Keimpossible. 

At higher frequencies, the character of the anomaly 
changed somewhat. The velocity anomaly at 9 MHz was 
generally positive and smaller than the 3 MHz anomaly. The 
9 MHZ attenuation increased with decreasing temperature, 
usually reaching’ a maximum around 0.5 K. In crystals in 
which measurements could be made at 21 MHz, the velocity 
anomaly was positive and smaller than that at 3 or 9 MHz 
while the attenuation usually was lower and had a maximum 
at a higher temperature. 

These features are essentially the same as those 
previously observed in hcp ate (e.g. Calder and Franck 
Co) SESuzukiteteal. $(19 79) )t.  Aswarcheckton tthe ane 
results, several hcp te crystals were stiatidawata these 
too showed an anomaly. | 


Ebreicp : 


He the magnitude of the anomaly varied by 
about two orders of magnitude at a given density. Crystals 
were grown at two densities (18.6 and 17.8 cm? /mole) with 
crystals at both densities showing anomalies. 

Lnbce Hee most of the crystals were grown at a 
density of 20.1 cm?/mole. These showed much less variation 
in the size of the anomaly. Several crystals were studied 
at lower densities. At 22.3 cm?/mole, the anomalies were 
considerably smaller and barely within the resolution. of 
the velocity measurements. At 24.2 cm?/mole, no velocity 


anomaly was observed and the attenuation remained small. 


When the 3He crystals with anomalies were cooled to 
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below about 300 mK, the attenuation at 3 MHz decreased 
Whaleythe-3 MHz velocity changed... This.proved:not to.be 

an equilibrium feature of the crystal since the velocity 

and attenuation upon warming did not agree with their 
cooling values but rather showed some hysteresis. If the 
crystal was warmed to near melting and then recooled, the 
original behaviour was repeated, resulting in a reproducible 
hysteresis on thermal cycling. 

The amount of hysteresis depended on the minimum 
temperature reached (below about 300 mK) and on the length 
of time the crystal remained at the low temperature. At 
the high temperature end, the crystal had to be warmed 
above about one half the melting temperature and held there 
for some time in order for the original cooling behaviour 
to be repeated. Both the low and high temperature ends of 
the hysteresis loop were studied in detail. 

The reduction of the attenuation and change in 
velocity at low temperatures was found to be caused by the 
sound pulses themselves. The ultrasonic pulses were turned 
off before cooling the crystal below 300 mK. The crystal 
was then held at its minimum temperature of about 100 mK 
for 20 hours. When the crystal was then warmed to above 
300 mK before turning the pulses back on, no hysteresis was 
observed in either the velocity or attenuation. On the 
other hand, if the ultrasonic pulses were turned on at 
temperatures below 300 mK, the attenuation immediately 


began to decrease and the velocity to change. A significant 
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hysteresis was apparent after only a few minutes of 
exposure to the pulses. Further study showed that the 
amount and rate of change of the velocity and attenuation 
were greater at lower temperatures (below 300 mK), for 
larger amplitude 3 MHz sound pulses, and for higher pulse 
repetition rates. 

The changes in the velocity and attenuation caused 
by the 3 MHz pulses could be considerable. In some cases, 
the anomaly was completely eliminated with the sound 
velocity approaching the adiabatic velocity while the 
attenuation decreased from a value so high that no ultra- 
sonic signal was visible (>>10 db/cm) to a low value 
comparable to that near melting (<1 db/cm and up to 100 
echoes visible). 

No such effect was observed at frequencies of ORor 2a 
MHz. At these frequencies, there was no hysteresis even 
when igh amplitude 9 or 21 MHz pulses were applied at the 
lowest temperatures. However, applying high amplitude 
3 MHz pulses at low temperatures did affect the 9 and 21 
MHz velocity and attenuation. By measuring v and o@ at 9 
or 21 MHz during cooling, applying high amplitude 3 MHz 
pulses at low temperature then measuring the 9 or 21 MHz 
velocity and attenuation during warming, the hysteresis 
could be studied at higher frequencies. The essential 
effect of the high amplitude 3 MHz pulses was to change an 
initially positive velocity anomaly to a smaller but 


negative one, while reducing the attenuation. By warming 
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above about one half the melting temperature, the 9 and 
21 MHz velocity and attenuation also recovered to their 
Original values. 

The region in which v and a recovered was studied. 

- The SSIES and attenuation changed with time in this 
region and the recovery rate increased rapidly with 
temperature. By measuring this rate as a function of 
temperature, the recovery process was found to be thermally 
activated and the activation energy was determined. The 
activation energies thus found agreed well with those for 
mobile vacancies as measured by other techniques (Sullivan 
Ctmarkeaiteh9 75 00% 

The anomalous velocity and attenuation during cooling 
were compared to the predictions of the theory of disloca- 
tions as described in section 2.3 and as applied to hcp qe 
byeWwannerdetealte (1976) eand&byoesiwdsa et al. (1979)... It 
meoued possible to fit miekvelccitysdaes quite well. The 
attenuation predicted using the dislocation parameters 
from the velocity fits agreed at least qualitatively with 
the measured attenuation. 

The effect of the high amplitude 3 MHz pulses in 
reducing the anomaly could be accounted for by assuming 
that the pulses shortened the average lengths of the dislo- 
cation lines. The dislocations thus pinned remained so 
until the crystal was warmed sufficiently for thermally 
activated vacancies to unpin them. 


Since impurities are expected to pin dislocations, 
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tue was added to the 3He me concentrationsaore4/tippm, 430 
ppmeand O0653%. DAt 47) and) 430 ppm of anet i tedeszoLnne 
effect was observed. With 0.533% vee the anomaly was 
completely absent in hcp 3He andpainebec eHow only a small 
3 MHz anomaly remained which was easily eliminated by 
relatively low amplitude pulses. 

Eoneentrationsseft 10,9105+andy14008ppmtof 3He were 
also added to the ener Similar effects were observed with 
the anomaly almost completely suppressed by 1400 ppm of ie. 

inetheshep 3He erystals with 0.533 ayer several 
interesting features were observed. First, with the 
anomalous contribution to the velocity and attenuation 
eliminated, the attenuation from other sources could be 
studied. The attenuation increased with temperature and 


with sound frequency and, at low temperatures, was well 


described by the zero sound formula 
eer (QR2—11) 


At low temperatures (below about 1 K), the 3 MHz 
velocity and attenuation were amplitude dependent in this 
crystal. As the pulse amplitude was increased, the velo- 
city deviated from the adiabatic form and the attenuation 
increased. The critical amplitude at which the attenuation 
started to rise decreased as the temperature was increased. 
By measuring the critical amplitude as a function of 


temperature and interpreting the results in terms of stress 
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induced breakaway from impurity pinning points, the 
binding energy between tue atoms and dislocations in hcp 
3He could be estimated. 


Ancheck*on the impurity concentration was provided 
by the observation of the isotopic phase separation in 


3He GOS 531% 4 ue) ate2a:. 2 cm>/mole. The phase separation 


bec 
appeared as an increase in the attenuation at a temperature 
Cheaboutsel25emk: 

The experimental results are presented in the follow- 
ing sequence. First, in section 4.2, the results for hcp 
3He are given. The data from the crystal hcp He Sue Glan 
cm?/mole) are shown in detail, including the anomaly on 
cooling, the hysteresis, the effects of high amplitude 
3 MHz pulses and the fits of dislocation theory to the 
velocity and attenuation anomaly observed during cooling. 
Then, for comparison, the anomalous velocity and attenua- 
tion are shown, together with the dislocation fits, for two 
more pure hcp fae crystals at the same density. Next, the 
Tesiles  ELOomeanwncp: crystal at a higher density (iyes 
cm>/mole) are shown. Finally, the results of adding one 
impurities are presented. At the lower concentrations of 
47 and 430 ppm, the impurities have little effect so the 
anomalies and dislocation fits are shown. At 0.53% aHee 
the low amplitude data are presented, showing no anomaly. 
The amplitude dependence of the velocity and attenuation 


is also shown and analysed. 


In section 4.3 the results for bcc 3He are similarly 
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peecerted. First ea typical crystal (bec PHe 43) is shown 
in detail. Other crystals at the same density, crystals 


ateuower densities; and) finally crystals with : 


He added 
are then shown. 

The results from hcp 4 He are given in section 4.4 
for comparison, including the effects of 3He impurities. 

In section 4.5 the adiabatic (high temperature) 
region is discussed. The coefficients a and b from the 
high temperature fits are tabulated. 

In section 4.6 the thermally activated recovery is 
studied in detail. The data on the temperature dependence 
of the recovery rate are shown for one hcp and two bcc 3He 
crystals together with the activation energies. 

The dislocation parameters from hcp and bcc 3He and 
for hep ere are collected in section 4.7. 

Finally, in section 4.8, the comparison is given 
a the zero sound aeeerene aa the attenuation in 


Hep ene containing 0.533 Ne. 
3 
An 2ee NCD) He 


Ate = 1 ED she or GR eerste) Sin Ihave) 

This crystal was studied in considerable detail and 
showed clearly all the features observed.in other hcp He 
crystals 


Figures 4.0, 422 and 4.3 show the actual velocity 


and attenuation data both on cooling (open squares) and 
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on warming (solid symbols). The line in the velocity plots 
UsGasfliteof athe Ladidiabaticatorm vi- wsNO) = at’ + pr? to 

the velocity measured during cooling (above about 1.5 kK). 
Note that the cooling velocities show positive deviations 
from the adiabatic form below 1.5 K, accompanied by large 
increases in the attenuation. The 3 MHz velocity could 

not be measured below 1 K due to the very large attenuation. 
Between 9 and 21 MHz the size of the velocity anomaly 
decreased. The 21 MHz attenuation had a maximum around 

0.8 K. Note that only changes in attenuation are signifi- 
cant since the misalignment of the transducers resulted in 
a large apparent attenuation which was independent of 
temperature but increased with frequency. 

The signal amplitude used during the 3 MHz measure- 
ments corresponded to a stress amplitude of about 100 Nt/m*. 
When the crystal was first cooled to the lowest temperature 
(=o80hmK)iptnot3eMHz senal was observable. The pulse 
amplitude was then increased by about 12 db for 5 minutes 
(7x10 pulses). After this treatment, which warmed the 
eprystaltomaboutel60mmkK, “the attenuation hadeialienm to the 
low value shown in figure 4.1 (with about 40 echoes visible). 
When the crystal was warmed, the velocity was very near the 
adiabatic velocity and the attenuation remained low. Above 
about 1.3 K, the attenuation rose somewhat until by 2 K it 
hadsreturnedstogitstoriginal, values The ‘whole cycle could 
be reproduced by cooling again from above 2 kK. 


An attempt was made to observe the same effect at 9 
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and 21 MHz. The 9 and 21 MHz pulses used for measuring 
had stress amplitudes of about 20 Nt/m? which could only 
be increased by about 6 db without heating the crystal 
above 200 mK. No change in the attenuation or velocity 
was observed after the 9 or 21 MHz pulses were applied. 

By applying high amplitude 3 MHz pulses at low temperature, 
however, the attenuation and velocity at 9 and 21 MHz were 
changed to the values shown in figures 4.2 and 4.3. Both 
at 9 and 21 MHz the attenuation was greatly reduced and 
the velocity anomaly eliminated. After warming above 2 K, 
the 9 and 21 MHz velocity and attenuation recovered to 
their original values. 

The effect of high amplitude pulses at low tempera- 
tures was studied systematically. By increasing the pulse 
amplitude by only 6 db above the measuring value, the 
change from high to low attenuation occurred slowly 
enough that it seule be followed in detail. Figure 4.4A 
shows the sound velocity at 140 mK (as relative deviation 
from the adiabatic velocity) as a function of time. The 
solid symbols show the results fora repetition rate of 230 
pulses per second while the open symbols are for 2300 
pulses per second. In figure 4.4B the same data are 
plotted as. amtunction of the number of pulses.| The change 
in velocity is seen to depend on the. total number of pulses 
with only a slight dependence on repetition rate. When 
the attenuation had decreased sufficiently for the velocity 


to become measurable (t = 0 in figure 4.4), the velocity 
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Figure 4.4 Time and Pulse number dependence of high amplitude 
3 MHz pulse effect. 
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was larger than the adiabatic velocity. The deviation 
quickly became negative and reached a minimum after the 
appsrcation of about OR pulses. The pulse amplitude was 
then increased by a further 6 db whereupon the velocity 
increased, reaching the adiabatic velocity after a few 
minutes. 

Figure 4.5 shows the sound velocity and attenuation 
as functions of time (at a pulse rate of 230 pulses per 
second) at temperatures of 90, 140 and 255 mK. At each 
temperature, the initially positive anomaly decreased and 
became negative while the attenuation steadily decreased. 
At the lowest temperature (90 mK), the velocity started to 
increase toward the adiabatic velocity after about 15 
minutes. The rate at which the process occurred decreased 
as the temperature was raised. | 

Although no systematic measurements were made, the 
effect of the eae increased when the pulse apiece le 
was increased. With no pulses being transmitted through 
the crystal, no hysteresis was observed, even after leaving 
the sample below 100 mK overnight, while at the highest 
amplitude (~ 12 db above the measuring amplitude) the 
attenuation and velocity anomaly were greatly reduced in 
just a few minutes. 

In order to better understand the effect of the 
pulses, measurements of the 3 MHz sound velocity and 
attenuation were made after subjecting the crystal to 


various numbers’ ofshrghsamplitude spulses.wethesresults are 
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shown in figure 468 The crystal was cooled from near 
melting to around 100 mK and the pulse amplitude increased 
by about 6 db. When the attenuation dropped sufficiently 
that the velocity could be measured, the pulse amplitude 
was reduced and the crystal warmed while measuring the 
velocity and attenuation. The results are shown by the 
triangles in) flgures4y6. Only the relative deviation 

Av/V, from the adiabatic velocity is shown. The velocity 
anomaly was positive at low temperatures and became slightly 
negative above 0.6 K while the attenuation decreased. 

After reaching 1.3 K, the crystal was cooled and a few 
more high amplitude pulses applied. The velocity and 
attenuation dropped somewhat to the values shown by circles 
in figure 4.6. On warming, the velocity and attenuation 
behaved much as in the previous run. The procedure was 
repeated twice more, with the crystal being cooled to 
around 100 mK from near melting and high amplitude pulses 
being applied. The data shown as open squares and crosses 
in figure 4.6 correspond to the application of successively 
more and larger 3 MHz pulses. 

Comparing the data in figure 4.6 to the curves shown 
ier tgures 2. 5mrOr =the dislocation Contributionsstomrie 
sound velocity and attenuation reveals remarkable similar- 
ities. The four solid lines shown in figure 4.6 are the 
dislocation contributions to v and a for an exponential 
distribution of loop lengths with different average lengths. 


The dislocation parameters are chosen as density 
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Figure 4.6 Dislocation pinning by high amplitude 3 MHz pulses (effect on v and a) 
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RA = 5.68x10° rece damping B = a7 Bol Ome ~? mKs and the 


values of t (= L/2.) arew0.507, 20.45," 0221 wand 008.8 The 
choices of B and RA were made to give the best fit to the 
velocity data shown as open circles (t = 0,45). Only the 
Parameter t was *then changed in order to fit. the velocity 
for the other three sets of data. The agreement of the 
measured velocity with the other curves is fairly good. 
The curves shown for the attenuation were then calculated 
from the parameters derived from the fit to the velocity 
data 

Leecaus seems that, if the velocity anomaly and the 
high attenuation are due to vibrating dislocations, the 
effect of applying high amplitude pulses at low tempera- 
ture is to shorten the average loop length (i.e. pin the 
dislocations) and thus reduce the anomaly. 

For comparison, figure 4.7 shows the same velocity 
data f1etedmtio, dvsiocation theory with a damping term B 


2 


DEODOreLoOnal@to Ima (figure 4..7/A) and to 7 (figure 4.7B). 


tiem tiGeusing 3 0 7 is considerably worse but that using 


Bae, 7 is almost as good as the tT? 


tae 

In order to further relate the anomaly to disloca- 
tions, its frequency dependence was studied. For this, 
only the data taken during cooling were used so that the 
length distribution was not affected by the large 3 MHz 
pulses. The existence of a positive anomaly at 9 MHz, 


reduced in size at 21 MHz, is in qualitative agreement with 


dislocation theory (cf. figure 2.6). 
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Figure 4.7 Effect of temperature dependence of dislocation damping on velocity fits. 
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The data were fitted to the Granato-Lticke theory 
outlined in section 2.3 with the exponential length 


distribution 
Vien & “ exp = (e389) 
1 


The fits were made on a graphics computer terminal by 
choosing a value of L that gave the best qualitative agree- 
ment with the velocity data and then varying RA to match 
the magnitude of the anomaly and B to best match the 
temperature dependence. 

In figure 4.8 the anomalies found during cooling at 
oy oeand) 21 °MHzZ are compared’ to dislocation’ theory (solid 
curves). Due to the high attenuation, the 3 MHz data 
(open squares) extend only down to 0.88 K, not low enough 
to see a Significant velocity anomaly. The data at 9 MHz 
(open circles) show the largest velocity ayonaa, and the 
dislocation parameters are determined using this anomaly. 


The resulting values are RA = 1.84x10/, B = he obey t 


mks, L = Gear Ome m. The dependence B a Tv was chosen in 
view of the results shown in figures 4.6 and 4.7 and gives 
a reasonable fit. Using these parameters to calculate the 


velocity at 21 MHz gives an anomaly slightly smaller than 


that observed. 


The attenuation predicted by these parameters, however, 


is considerably less than that measured. On the other hand, 


the qualitative features of the dislocation predictions and 


94 


pe . 






oxeet+ agoi-odsdatdcan? od bosdit szew Bseh: at 


dtp [eiscenogse eft nmtiw ¢.£ moe ijoaa mm penkidyo 
nqtsudiaszelh - 


fetvamMahD eainagsip 4&5 fo Sher sew acviz sAT is, 
-3 gp eavizesiisup deede-s@g Svsp 2 + { 30 soolsv & prieoons 
Aosvem at / ckvtay neds Bri | ‘> votoolsy at® driw saan 
si¢ otem Jeed of @ Sas yi stons sdz To ebutinpsm 9ff 
op Whwegqeb etyteteqms7 
satioos pais bavO? eaddemend ado $8.6 sameee WE 
shies) vested noise voller .o2 Betagmon ome sMM {§ _— @.,e 
im &£ Sa2 ,coettseutdsts dpi etd of sed .(sevaNe 
“dot +00 o% 88.0 OF @web vito baste (eameepe nego) 
suM © t& s27hb oft ; vismens vtivolov tissitiighe 6 een oF 
ano bets tee uw veisotey Gaseds. eds woe Gieieaio Gago) 
wlemons elds piiev bentimedeh 675. sreyamnaag ot feoolelhd Ar, 
i z 


: ; | - 
by baxibsi = 4 , Ob f = Wi osm aectey pabdignas ear) 


mb aecetts dew.~T o C sppdhnageb aT om ““ogatesa ce" 2am 
_ | mevng & Nal bite med eh at bwete etivees off Ito ol 


a rae 4 . » a8 
"ta Les _— omen mY a | shoal | aceheamis: 


a : 7 


a s = 





2 


a (db/cm) 


(AV/Vo) X 104 






















—- eam 
hcp 3He 5 
(18.6 cm3/mole) ri 


RA = 1.84 x 107 m2 il 
1.41 X 10 8T3(mks) 
= 6.37 X10 5m 











PENP ERA PURE Ks 











Be 
hcp SHe 5 
Pes MrZ 
fo) 
0) 
O 
9 MHz Oo o =} 





ite Mie ean 1 Es UN) 


Figure 4.8 Dislocation fits of v and a for hcp? He 5 using 9 MHz velocity data. 
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Se pewinent are similar. Both show a rising attenuation as 
the temperature is lowered with the largest attenuation at 
3 MHZ and the smallest at 21 MHz. In addition, both show 
a maximum in the 21 MHz attenuation around 0.8 K. 

Figure 4.9 shows the same data with the dislocation 
parameters found by fitting to the 21° MHz velocity. The 
parameters thus found (RA = GeO. and B = 71x 0ne v 
mks) differ somewhat from those found using the 9 MHz data 
but the general features of the dislocation contributions 
to v and a are the same. 

Unfortunately, the parameters found by fitting the 
frequency dependent velocity anomaly on cooling do not 
agree with those found at 3 MHz after applying high ampli- 
MGs gullece (a St We eis Sie eames ce” eer 
Since the fitting parameters at 9 and 21 MHz do not agree, 
some of this discrepancy may be due to the difference in 
Erequency, (3. MHZ instead of 9 or 21)... Also; both the 
frequency dependence predicted for the anomaly and the 
relationship between the velocity anomaly and the attenua- 
tion depend on the choice of an exponential distribution of 
dislocation lengths. If the high amplitude pulses do pin 
dislocations, the distribution of loop lengths should 
change. The choice of distribution also affects the values 
found for GRA andab..lwasaet al.. (1979) Sfoundathaty.in 
hep aioe theaveloctty anomaly, did not decrease with fre- 
quency as rapidly as dislocation theory predicted for an 


exponential lenoum distribucions “They were vablesto get a 
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Figure 4.9 Dislocation fits of v and a for hcp 3He 5 using 21 MHz velocity data. 
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Detrer ft by chicos ingeatGaussian distribution of loop 
lengths at the expense of introducing an additional adjust- 
able parameter. 

It thus appears that the velocity and attenuation of 
sound in this crystal can be at least qualitatively 
explained in terms of vibrating dislocations which are 
pinned at low temperatures by high amplitude 3 MHz pulses. 
Before leaving the discussion of hcp 3He 5, something 
should be said about the high temperature recovery of v 
and a to their original values. In this crystal, the 
recovery occurred in the temperature range between 1.3 and 
feo kh. inthis region ther drsilocations are’ so strongly 
damped that the velocity is very nearly equal to the 
adiabatic velocity and no change with time was observed. 
The attenuation, however, still has a significant disloca- 
BeronecorcCo DuLlOnedtyt iis  temperatune anduinstigure: 4.2, 
for example, the effect can be seen of holding the crystal 
at around 1.5 K during warming. The attenuation returned 
(over a period of 10 minutes) to its cooling value. This 
time dependent recovery during warming was observed between 
1.3 and 1.8 K with the recovery rate increasing rapidly 
with temperature. It is discussed in detail in section 4.6 
fore thic crystal as well as=tfor bce en 


she (@ 18.6 cm>/mole) 


4,2-2 hep 
Several other crystals were grown at this density. 


Of these, two had sufficiently complete data for an analysis 
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Liecerns Of dislocations. 

The general behaviour of the velocity and attenua- 
tion in these crystals was the same as for hcp 3He Dee At 
high temperatures, the velocity was adiabatic and the 
attenuation low. When the crystal was cooled below about 
one half the melting temperature, the attenuation rose and 
the velocity deviated from the adiabatic form. 

In these crystals the 3 MHz velocity anomaly was 
negative. This corresponds to a shorter average disloca- 
tion loop length than that observed inne p 3He pie aie 
PoouiLes 4.1 Opetie datavand tit tor hep 3He 2 are shown. 
Since the poor 9 MHz signal only allowed measurements to 
be made down to about 0.8 K, the fitting was done using 
the 3 MHz velocity data. Again, there is at least qualita- 
tive agreement between the predicted and measured 
attenuation. 

Figure Ree ohons re anomaly in hep He ip pier oe 
similar to that in figure 4.10 except that it is an order 
of magnitude smaller. The fit is again made to the 3 MHz 
data and gives good agreement, both with the 9 MHz velocity 
and the attenuation. 


The values of B (1.00x107° 7? mks! for both) sand or 


I (5.94x10°° and 1.02x107° m-for hep oTemoeand hep ease 
respectively) are comparable but the dislocation density 


RA is quite different. This difference (between 4.28x10/ 


Z 6 


m “~ and 1.70x10 ) could either be due to a real difference 


in the dislocation density A or to a difference in the 
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Figure 4.10 Dislocation fits (8 and 9 MHz) of v and a for hcp 3He 2. 
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Figure 4.11 Dislocation fits (8 and 9 MHz) of v and a for hcp 3He 3 





10 





he Ge 


OurenvatlOoneracrtorenm (cram rigure 2,.2) . 

When high amplitude 3 MHz pulses were applied to 
these crystals at low temperatures, the negative 3 MHz 
velocity anomalies became smaller while the positive 9 MHz 
anomaly became negative. At the same time, both the 3 and 
9 MHz attenuation decreased. In the dislocation model, 
these features correspond to a shortening of the disloca- 
cLONwLOODS.. 

The recovery of v and a to their original values 
eccurredrin’ the range 1.3 to 1.8 Kitor both of these 
CayGtals. 

Although several other crystals of pure hcp one were 
grown at 18.6 cm?/mole, none of them had a complete set 
of data. What measurements were made, however, were in 
qualitative agreement with the crystals already described. 
That is, there was a negative velocity anomaly at 3 MHz and 
a positive one at 9 MHz accompanied by high attenuation. 
By applying high amplitude 3 MHz pulses these were changed 
to small negative anomalies with low attenuation. Warming 


above 1.8 K returned the anomalies to their original form. 


A PSE Meloy) eae Cee ciie.3 cm? /mole) 

Only two hcp He crystals were grown at this density. 
The data taken at 3 "and 9 MHz on one of these (hcp ne 73) 
aremsiowlleliet guLes 4. l27and 4015. 2 themopentsymbols are 
data taken on cooling, the solid ones are on warming after 


applying high amplitude 3 MHz pulses. 
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Due to a rather poor signal, the measuring amplitude 
had to be quite high and itself affected the 3 MHz anomaly 
when the crystal was cooled below about 400 mK. The 
anomaly was not as greatly reduced as in the less dense 
crystals but the "high amplitude" pulses were only 4 db 
greater than the measuring pulses. 

The recovery in this crystal occurred at a somewhat 
higher temperature of about 2 K. 


In figure 4.14 the anomaly during cooling and the 


arslocation fiteare shown. The velocity is fit Fatriy well 


but again the measured attenuation is larger than, although 


in qualitative agreement with, that predicted from the 
dislocation parameters. 

The other hcp rie erystal grown at 17.8 cm? /mole had 
an anomaly an order of magnitude smaller. Since this 
velocity anomaly was barely resolvable at 3 MHz and not at 
all at higher frequencies, no attempt was made to fit the 
data to dislocation theory. Again, the effects of high 
amplitude pulses and the high temperature recovery were 


the same as in hcp Te es 


4,2-4. Effects of Impurities 

One technique for studying dislocations is to remove 
their effects by completely pinning them. In conventional 
SOlLdas thisecanebe cones by introducing pount detects, 
either by radiation damage or by adding impurities. The 


only practical method in helium is to add isotopic 
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Figure 4.14 Dislocation fits (8 and 9 MHz) of v and a for hcp 3He 7. 
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impurities. 
The crystals described up to this point were all 
grown from 3He which was analysed as containing 1.35 ppm 


OF Sie. Dhicei svar tatherp somal |! concentration Dut. in hep 


ie Paalanen et al. (1981) observed large effects on 
dislocation mobilaties* due’ to 3He concentrations as low 
as 0.3 ppm. To check the effect of impurities, crystals 
were grown at 18.6 em nalen from Sue containing one in 
concentrations of 47 ppm, 430 ppm and 0.53% (denoted by *, 
(te and)* se petespectively, in the crystals name) ~ 

Figure 4.15 shows the anomaly observed during 
eooling in *hep 3He L247 ppmsor Fie. Although there 
are only limited data, the quality of the fit and the 
values of the dislocation parameters found are comparable 
to those for pure Hee The other features involving the 
high amplitude 3 MHz pulses and the recovery at high 
Secor ature showed no means ate to the Brie impurities. 

Figure 4.16 shows the anomaly in **hep ~Hemia (430 
pom) se pithe velocity £1¢ 1s good. but the attenuation fit 
shows the 3 MHz attenuation as larger than that at 9 MHz, 
in contrast to the measurements. The changes in v and a 
due to high amplitude 3 MHz pulses occurred somewhat more 
Gupckly than in the purescrystal but nosother ettects due 
to the impurities were seen. 

The next two figures 4.17 and 4.18 show the data 


a 


Grou: **ncprstesl/awhich contained 0.53% aioe The anomaly 


was completely absent and applying high amplitude pulses 
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Figure 4.15 Dislocation fits (8 and 9 MHz) of v and a@ for *hcp 3He 12 (47 ppm 4He). 
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Figure 4.16 Dislocation fits (8 and 9 MHz) of v and a for **hcp SHe 13 (430 ppm 4He) 
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did not result in any hysteresis. The remaining attenuation 
due to other processes is discussed further in section 4.8. 
Although the high amplitude pulses did not affect 
vy or o at the measuring amplitude, a»*reversible amplitude 
dependence of the velocity and attenuation was observed. 
The 3 MHz data of figure 4.17 were taken at the lowest 
stress amplitude of about 200 Nt /m?. These measurements 
were repeated at three higher amplitudes corresponding to 
stress amplitudes of about 400, 1600 and 4000 Nt/m?. The 
results are shown in figure 4.19. The data at the lowest 
amplitude (-6 db, indicated by open squares), showed no 
velocity anomaly and an attenuation rising with temperature, 
corresponding to complete pinning. At the next amplitude 
(0 db, indicated by open circles) there was a small nega- 
tive velocity anomaly below 1 K and the attenuation had 
increased. At the two higher amplitudes, the negative 
velocity a ne became larger, then became positive while 
the attenuation increased. The increase in attenuation 
and appearance of a velocity anomaly at high stress ampli- 
tude is typical of stress induced breakaway from impurity 
pinning points. The high amplitude attenuation is usually 
attributed to the hysteresis loss due to the unpinning 
and repinningeot the dislocations#durings ahall cycle oF 
the sound wave. If, however, the dislocations: are unpinned 
BUEChembeGLnningeoLethe sound pulse and) are not repinned 
during the pulse because of the inertia of the dislocation 


line, then the attenuation and velocity anomaly at high 
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Figure 4.19 Amplitude dependence in ***hcp 3He 17 (0.53% 4He). 
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amplitude are the same as for the unpinned case. 


4 


Similar effects were seen in hcp “He with 30 ppm of 


ue by Iwasa and Suzuki (1980) who also attributed them 
to breakaway from impurities. 

The amplitude dependence was further examined by 
measuring the attenuation as a function of pulse amplitude 
at various temperatures. The results, shown in figure 
4.20A show an attenuation roughly constant up to some 
critical amplitude (marked by an arrow). Above the 
critical amplitude the attenuation increased. The critical 
amplitude was higher at lower temperature. The very 
Similar results found by Iwasa and Suzuki (1980) were 
attributed to the condensation at low temperature of the 
3He impurities onto the dislocation lines. The average 
pinning length depends on the exact shape of the disloca- 
tion (Gerold, £979)". 9 Hon fan 1deally straight. dislocation, 
the average pinning length is inversely proportional to 


thesaimpurrey concentration c while for a completely 


flexible dislocation free to move in its glide plane, the 


we 


pinning length is proportional to Cc The true concen- 
tration dependence of the impurity pinning length probably 
lies between these extremes. 


If the impurities are in thermal equilibrium, then 
c=c_e (4.2-1) 


where Cy is the impurity concentration in the bulk and Wa 
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Figure 4.20 Amplitude dependence of attenuation and critical stress in 
***hop 3He 17. 
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is the binding energy between the dislocation and 
impurities. 

The breakaway stress is inversely proportional to 
the pinning length (Granato and Lticke (1956)) and so has 
a concentration dependence between oF and Gaetlsiang 
(4.2-1), the temperature dependence of the breakaway 


stress lies between 

Oo Shore e (4.2-2) 
for a zigzagging dislocation and 
(4,.2-3) 


for gaestraight one. 

In figure 4.20B, the critical pulse amplitudes 
(in db) Bes iesees against I/Tis Althoughstheydata Ene 
not sufficiently precise to be sure that a linear relation- 
ship exists, simply taking a straight line fit gives<a 
slope of 1.5 db-K which corresponds to a binding energy 
We * 170 mK if equation (4.2-2) is used and Wp ~ 340 mK if 
(452=3)) iseused. JealwasagadndeSuzuki gs 930 )yytoundmae binding 
energy for 3He impurities in hcp 4 He ofyaround s300emK; 


assuming that the pinning length was proportional to eae 
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Tals, 


Mee heap 


Here see (Ge 20 cm>/mole) 

Most of the bcc crystals were grown from pure Sue 
leg Say jelly tops ae) ete Ore cm?/mole. As in section 4.2 on 
hcp 3He, Piewresulcess Lorsbcc He are introduced by showing 
Giesataicd LOM ant ypDiCai bee crystal. 

Figures 4.21 and 4.22 show the velocity and attenua- 


hae AS ate 3) and, 9 MHz: 


tion measured in the crystal bcc 
Again, open symbols indicate the cooling data while the 
solid symbols are the warming data. 

The data during cooling showed an anomaly very much 
like that seen in hcp ones The velocity anomaly was 
negative at 3 MHz, positive at 9 MHz and at both frequencies 
was accompanied by an increase in attenuation. 

Before the warming data were taken, the crystal was 
Geqd at about 200 mK and the 3 MHz 6a amplitude was 
increased by 12 db (from its measuring amplitude which 
corresponded to a stress of about 200 Nt/m*) . About 6x107 
high amplitude pulses were applied before the amplitude was 
reduced. The result was that the size of the negative 3 MHz 
velocity anomaly decreased as did the attenuation. As in 
hep He: applying 9 MHz pulses to the crystal had no»seffect 
but the large 3 MHz pulses changed the 9 MHz velocity 
anomaly from positive to negative and reduced the attenua- 
tion. 


Although no systematic study was made of the effects 
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120 


of the high amplitude pulses at low temperature, the 
general features were similar to the hcp re case. That is, 
the effect was greater for lower temperatures, for larger 
pulses and for higher pulse repetition rates. 

On warming, v and a recovered to their original 
values in the temperature range between 0.6 and 0.9 K. 
This recovery was also thermally activated and is discussed 
in section 4.6. Note that the 9 MHz attenuation overshot 
its cooling value during the recovery, an effect never 
observed in hcp one. 

In view of the almost complete similarity between 
Decpwandebcc one the data were analysed in the same manner. 

Figure 4.23 shows the results of fitting the anomaly 
founds ons cooling to the dislocation theory. The »velocity 
fit is fair and the resulting attenuation is in qualitative 


agreement with the data. The values of RA(1.96x10/ mes) 


and L(9.38x10 °° m) are comparable to those in hcp she and 


the damping B (2.70x10°° T° mks) is slightly larger. 


3u6 (idee Ore cm? /mole) 


475-2, DCC 
Only onewother crystal of pure oie at this density 
had a complete set of data, although partial measurements 
on several others agreed qualitatively with this crystal. 
Figure 4.24 shows the anomaly and dislocation fits 


3H6 36. The fit was made to the 9 MHz 


in the crystal bcc 
data and the fits at 3 and 21 MHz are qualitatively in 


agreement with the data as are the attenuation curves using 
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Figure 4.23 Dislocation fits (8 and 9 MHz) of v and a for bec 3He 43. 
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Figure 4.24 Dislocation fits (3, 9 and 21 MHz) of v and a for bcc 3He 36. 
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the parameters from the velocity fit. The values of 
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are in excellent agreement with those from bcc ae 43. 
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ji Bee pope 


He (@ 22.3 and 24.2 cm*/mole) 

iy stalssOrepures Cc oe were grown at two lower 
densities of 22.3 and 24.2 cm? /mole. Ate 223 cm?/mole, the 
anomaly observed during cooling was smaller than in bcc oye 
Sie. WAN cm?/mole andivaiss 247-2 cm?/mole it had essentially 
disappeared. 

Figure 4.25 shows the data taken on bcc 3He 45 
(22553 cm>/mole) at JuMizee ine, data taken during cogling 
(open symbols) show a small negative velocity anomaly below 
epoucsu.6. Kk.) The cooling velocity at 9 MHZ (froqure: 47.26) 
shows no anomaly within the experimental resolution. Due 
to the small size of the anomaly, no attempt was made to 
tia nis Gale’ Sei iteevetee theory. — 

At a temperature of about 120 mK, the 3 MHz pulse 
amplitude was increased by 10 db. When the pulse amplitude 
was increased, the attenuation began to increase and the 
velocity to decrease. After the application of about 10° 
pulses, the amplitude was reduced and the crystal warmed 
(solar symbols). sate around 0.60%, the velocit yeandsatcenua— 
tion recovered to their cooling values and when the crystal 
was cooled again the cycle was reproduced. The large 3 MHz 


pulses had a similar effect on the 9 MHz velocity (figure 


Mier) 






aft 5Bnse Sooe 


a Spc z00ds 3 


met { 
a5 


- oa 17 > c \ ; F 
fri T Oo] \«s a | 
fA 
» a ” d - . 
s20n? rtoaw Ji se: 
ce 
f “~~ 
r : eT 


tapLcqae ttt So0TA 


ysinoLlov si? Mrs 2193 9M6 


gedo ylemons 
¢ ; ft 


om a ” +3 brs ofom\ mo 1.08 2A 


_beussqqealb 


ah eA i+ puode #3.) sxanphi 
Pass n 
. re (sloo\"mo €.S8) 
3 wota (eloderya mego) 
; Lar prifeae sft 4 3.0 tuods 


isqxs 2f liciw ylamous oa ewore 
Vi stiMwISs SAS 


tjpnpol2eib of +i? 


Vw 
+ 


tip: val 5 ges ent esWw ebosti Lams * 
neped molseujed7s sit ,boesomonk as¥ 


oa lug 


he 
i 
= 


od ane sal la +6 mee: odmy 


to oxie [lemme eit oF 


.eese79eb of yitootey | 


eee Byeuss ons a emputio: ahW ebus bLgme odd 

















io 









ZHW € © (8/OW/_pW9 €°2Z) GOH 90q UID pueA Gz'p aINBI4 














(MW) JYUNLYYSdWSL (MW) SYNLUYadWdil 
oe os eat hae Ge emeecmrs Gy hob LO ee Gea) aaa me ns 0 . 
es ler ces 7 aa ae ei eee 
i wd (0) 
rn pfaed fal BL 
" *s Hulwiem © : 
— ° eat | Qe = Buljooo a O666 
® =| 
2 ni 
@ ny : 
— eo ee 
° z es ; . oes/W 16g = OA Jze66 
= ve ZHW © 
l (e]0W//pwo Ezz) 
ee : ogee Sv 8H ,90q 
( = {666 
vem iN 
~ ah cha te : 
e ® iL 
— =a & i . 
a lH - 9666 
be +2°¢ 
® 
@ ° 
fe Be oe Ls 8666 
ue = -E 
%e 
| ai ee 0 1 00001 




















Se wh Sy (eS) (Gt) ja 


(Oe (Well Ne, j= Sy SS {hu 


sHaRe sy 


+ 


90 0 (L Pot 


prints 2 sr 


oe mmuiu® 


17 cayoy us) 








pe = ta ek a 


fen Ge oC) Pie 

















bec? He 45 
(22.3 cm3/mole) 
9 MHz 
Vo = 591 m/sec 








O cooling 
@ warming 








hai mass, Diie eG MRTG MERE Se ea amiawen any 
PHS emiee Ge | 


Figure 4.26 vin bcc 3He (22.3 cm3/mole) @ 9 MHz 
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Thisecreationectea larger velocity and attenuation 
anomaly by the high amplitude pulses is quite different 
from the results at higher densities where the anomaly 
always decreased when pulses were applied. It may be due 
Reetne low density of thercrystals since | similar effect 
was Observed at 24.2 cm?/mole. 

Whatever the effect of the large pulses at this 
density, it also exhibited a thermally activated recovery, 
imethis case at about 0.6 °K. This is’ examined’ in detail 
in section 4.6. 

the cesults for a crystals grown ac. 24.2 cm? /mole 
(figures 4.27 and 4.28) are similar to those at 22.3 om? / 
mole. The total velocity changes were quite small and, 
within the experimental resolution, no anomaly was observed 
during Snes Again, the large 3 MHz pulses created a 
negative velocity anomaly and increased the attenuation. 
Warming above 0.5 K defer er Vi and C2 cOnthermr oOriganal 
values. The effect of large 3 MHz pulses on the 9 MHz data 
was small, with only a small hysteresis appearing in a 
between 150 and 500 mk. 

Although no velocity anomaly was observed at 3 MHz 
and the attenuation decreased below 400 mK, the measuring 
pulses themselves may have been sufficient to eliminate any 
anomaly. When the crystal was cooled from near melting 
With the ultrasonic pulses off and then, at the lowest 
temperature of around 100 mK the pulses were turned on, the 


attenuation was initially about 1 db/cm higher than the 


MEPS) 
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value when the crystal was cooled with the pulses on. As 
soon as the pulses were turned on, the attenuation started 
Topiecrease, reaching 1ts final value invalfew minutes. 
This indicates that measurements at much lower pulse 
amplitudes might have shown an anomaly due to dislocations. 
Incomplete measurements on a few crystals at inter- 
mediate densities (around 21 and 23 em /mole) also 
indicated that the size of the cooling anomaly decreased 
as the density decreased, until at 22.3 cm? /mole it was 
barely resolvable. The increase in the anomaly at low 
densities due to the high amplitude pulses is not presently 


understood. 


4,3-4 Effects of Impurities 

Crystals were grown at 20.1 cm?/mole from gas with 
the same tHe concentrations (47 ppm, 430 ppm and 0.53%) as 
Lom Hnep 3He. 

Figures 4529eand 4230 show v and Gg in *bcc she 50 
(47 ppm of are). The anomaly, the effect of high amplitude 
pulses and the high temperature recovery were essentially 
the same as in pure bcc aay 

Figure 4.31 shows the dislocation fit to the cooling 


yee, 
anomaly. The dislocation parameters (RA = 5.86x10 m , 


B= 2,21x108° ~? mks, L = Tee ome m) are in good agree- 
ment with those for pure crystals. 


The results of adding 430 ppm of ‘He to the crystals 


are shown in figures 4.32 and 433. The anomaly on cooling 


129 
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Figure 4.31 Dislocation fits (8 and 9 MHz) of v and a for * bcc SHe 50 (47 ppm 4He). 
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did not appear to be affected but during warming the high 
temperature recovery appeared as a large dip in the 3 MHz 
velocity accompanied by a large peak in the attenuation. 
This may not be significant but may merely be a larger 
version of the dip in v and peak in o seen in the pure 


ervstal bce Pie ao eh vreure -4..21)'. 


In this crystal, when about igo 


high’ amplitude 3) Miz 
pulses were applied at 150 mK, the anomaly changed to the 
LOommmsniown) Dywsolid (symbols in figures 4.32) and 4133. 

This compares to the approximately 10> pulses required to 
produce the same effect in the. purer crystals. It thus 
aupearse that, iin bec ones the impurities help to pin the 
dislocations at concentrations of 430 ppm. 


3 


Figure 4.34 shows the anomaly in **bcc ~He 54 during 


cooling and the=dislocation fit to theedata. The disloca-= 
tion parameters (RA = 3.12x107 a B= 2.23x10°° ~? mks, 
L = 1.30x10-> m) again agree quite well with those in 
pure crystals. 

As in hcp Sie, theraddLei1on GisOnoSs fue to the He 
greatly reduced the anomaly. Figures 4.35, 4.36 and)4.37 


show v anda at” 3.09 and 21) MHz in’ theverystaly~*4bce ve 


eae). At 9 and 21 MHz there was neither an 


Omer )o 6 
anomaly nor any hysteresis due to the application of high 
amplitude 3 MHz pulses. In contrast to the hcp one case, 
there remained a small anomaly at 3 MHz which was elimin- 


ated by the high amplitude 3 MHz pulses with a resulting 


hysteresis in v and a. The amplitude dependence seen in 
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Figure 4.34 Dislocation fits (8 and 9 MHz) of v and a for ** bec 3He 54 (430 ppm 4He). 
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3 : , 
“**hep “He 17 (figure 4.20) was not studied in this crystal 


although there were some indications that it existed. 

One cuystalawas grown trom,the 0.533 fue gas at 24.2 
cm?/mole. No anomaly was observed at 3 MHz when the 
crystal was cooled to 150 mK. However, when the sample 
cooled below 125 mK, the attenuation began to increase. 

By warming above 125 mK, the attenuation could be made to 
decrease again. There was no measurable change in the 
sound velocity associated with the changes in attenuation. 
The time constant for the changes was quite long. When 
the crystal was cooled to 100 mK and kept there, the 
attenuation was still changing after an hour. When the 
crystal was then warmed, the attenuation did not return to 
its cooling value until the temperature reached 600 mk. 

This effect can be attributed to the isotopic phase 
separation (Edwards et al. (1962) and Mullin (1968) ) 
erences at about 140 mK. Iwasa et al. (1981) observed a 
change in the amplitude dependence of the attenuation 
below the phase separation temperature in dilute solutions 
of tHe in Hen They attributed the 1ncreasé tos amu tipi 
cation of dislocations during the phase separation. 
Greenberg and Armstrong (1980) have observed hysteresis 
in the low temperature thermal conductivity of bcc re 
containing tue. They also interpreted.their results in 


4 
terms of dislocations which nucleated the He clusters 


formed during the phase separation. 


140 


oer . Se 





















[egeyto aint hi Dethes 
oteixo gi sedd¢ gadiasothai smoe oan stent rguorsts 
.2kS 3S SF uP #£2.0 Sha nee nmworap 26W Leseyts an0 
dz ase B! +, beyvase: nw ylemons ol Lom ms | 
efymse eft ostw .sevewoR .As 0el oF beloos aaw Lasteyx> a 
o : iyganestse enc AM ect woled belfooo , 
>I t jt [yeeqetsse ar um ect evede patarew ya 
E  oonbis efidehuensm or esw owed? .ileps, seseiseb 
[ eewrtait sit ro iw DoltSsL098e"8 ytisolsev Bawee 


aed pool stigp eaw esenaio oft 362 GRBIEReS emit oT 
a+ deat oos ka O91 of betoos eaw Leta yIo ey 

sia maciv spot fe wette prionsio fiftta Baw soitsunetts 
fe7se Ss ; bomiew oens esw Isteyxo 


003 Bafinsax studeregsss 544 (2san eulev prifoos e2Z 
eesfig “oiqatoet edd ot 5S studtiz13 #5 od so J2ette aidt 

(Sat! wei tum brie (Egat ile 20 abrewha) noLtsiegse ; 

& fevxzseck (@@i) .16 32 ee6yW am Obl t00dRq 28 betpeaxs 

aoitsyneds5 ort to sonebgeyeh ehustiqns edt rt — 

sretaefoe esulib of siuntstegmey toss sqee seaitg end woled ” 

“btaestem & Gt eenotooi sz Sengtads 1336 yest on” ad a ae 


nah envisesoledh tor 


141 


4.4 hep pe 


Mere hen He Co neem: mols) 

Coy Stal so Orancn tHe were grown in order to provide 
a comparison to the 3He results and tosgprevious work on 
hep He. In particular, since the hysteresis due to high 
amplitude 3 MHz pulses had not previously been observed 
in ey it was possible that this was an isotopic effect. 
The pure 4 ue crystals were grown from Matheson purity 


4 
He. This was not analysed for 3He content but probably 


contained less than 1 ppm of ones 

Figures 4.38 and 4.39 show the data at 3 and 9 MHz 
from the crystal hcp 4 ie Jae (Lica cm?/mole) . The data 
taken during cooling (open symbols) show a velocity 
anomaly which is negative at 3 MHz and positive at 9 MHz, 
accompanied by aylange attenuation. Thesemieatures are 
in agreement with previous work on hcp tHe (e.g. Calder 
Ciial))) and wath the: results on sHes 

Between the cooling data and that taken on warming 
(solid symbols), the pulse amplitude was increased from 
itsemeasuring value (corresponding to a Stress -z00 Nt/m-) 
bysl2 db and Tale pulses were applied. The effect on the 


3 
He case, namely a reduc- 


anomaly was very similar to the 
tion of the 3 MHz anomaly, a change of the 9 MHz velocity 
anomaly from positive to.negative and a decrease in the 


attenuation at both frequencies. The pulse amplitude 


dependent effect thus is common to both isotopes. 
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The rather rapid decrease in a between 100 and 500 
mK during warming which can be seen in figures 4.38 and 
4.39 may be significant. It was not associated with the 
recovery Of vi andaq tomeherr original values: since: on 
cooling from 500 mK back to 100 mK the attenuation 
increased, showing no hysteresis. The time dependent 
recovery of v and @ occurred at a*hioher temperature 
around 1.5 K. To explain the change in v and a below 500 
mK during warming in terms of dislocations would require 
a damping much greater than that indicated from the 
anomaly on cooling. 

The cooling anomaly and the dislocation theory fit 
are shown in pare 4.40. The velocity data fit quite 
well but the attenuation is considerably larger than that 
mee ere using the dislocation parameters from the 
velocity fit. The general form of the dislocation predic- 


tions for o and the’ ratio between the 3 and 9 MHz 
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attenuation agree with the data. The dislocation parameters 


(RA = 2.69x107 eo. ee iar anaes ie, SS Se a 


are similar to those in ates 
The other crystal grown from pure 4 He showed a 


similar but slightly smaller anomaly. 


4.4-2 hep 4 ue (2053 cm? /mole) 
Since most previous ultrasonic measurements on hcp 
tHe were performed at lower densities (Suzuki et al. (1979) 


Wanner et al. (1976)), several crystals were grown at a 
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Figure 4.40 Dislocation fits (3 and 9 MHz) of v and a for hcp 4He 1. 


14 





146 


density of 20.3 cm?/mole. 

In each of these crystals, the attenuation rose so 
steeply that measurements were impossible below 1 K. 

This indicated the presence of a large anomaly although 
the velocity remained a Seerate downetoruln, SAlll of the 
crystals grown at this density had the same velocity (see 
table 3 in section 4.5) perhaps indicating that they all 
grew at a particular orientation which had a large value 
Ofte, Orlentatron, tector R: 

By applying large 3 MHz pulses at 200 mK, the 
attenuation was reduced. During warming, the anomaly 
mecovered to 1ts Original orm around: 05,9) K duximg which 
time the attenuation increased until the signal disappeared. 

Since it oe possible to take only limited data on 


these crystals, none are displayed. 


4.4-3 Effects of Tie tse 

Crystals sore hep "He were grown from gas with 3He 
concentrations of 10 ppm (denoted by *), 105 ppm (denoted 
by **) and 1400 ppm (denoted by ***). 


In figure 4.41 the results are shown for *hcp eae i 


(10 ppm Tele Figure 4.42 shows the anomaly observed in 
ae ato) He op CLUS ppm Hae No effects due to the impuri- 
ties were observed in either crystal. In both cases, the 


’ . 4 
velocity fits areyquite good but, as in pure hcp He, the 
predicted attenuation is a factor of 2-3 smaller than the 


measured attenuation. The relative sizes of the 3 and 9 
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Figure 4.41 Dislocation fits (8 and 9 MHz) of v and a for *hcp 9He 7 (10 ppm SHe) 
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Figure 4.42 Dislocation fits (8 and 9 MHz) of v and a for **hcp “He 8 (105 ppm 3He). 
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MHz attenuation as well as the maximum in the 9 MHz 
attenuation at about 0.5 K are correctly predicted using 
the dislocation parameters determined from the velocity 
data. 

By adding 1400 ppm PS: the anomaly was almost 
completely eliminated. Figures 4.43 and 4.44 show v and 
Oct ands 2 Miz ines = “hcp ue O°) These MnZedacascuOweno 
anomaly or hysteresis but at 3 MHz there is a small 
hysteresis in the attenuation below 1.5 K. This probably 
indicates that 1400 ppm ae Jae is@mot sutficient’ to 
completely pin the dislocations at this stress amplitude. 

thadditrton to Chesimpurescrystabs Growneatcel ia. 
cm?/mole, a crystal waseqrnownrat, 20.3 cm?/mole with 1400 


ppm of ones Ta SaCry sical, Cp 4 ute 10, ned. thevsame 


velocity (512 m/sec) as the pure crystal hcp ae Amiel, 
inecontrast to that crystal, it had lowjattenuation over 
the Apauaa temperature ROGGE. It behaved like the crystal 
in figures 4.43 and 4.44 with no anomaly and only a small 
hysteresis in the 3 MHz attenuation below 1 Kk. 


The amplitude dependence of v and a was not studied 


in any of the impure 4 He Gisy Sales. 


4.5 Adiabatic Region 
In the temperature region above the anomaly, the 
velocity decreased with temperature with a temperature 


dependence of the adiabatic form 
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The coefficients a and b obtained by a least squares 
fit to the sound velocity above the anomaly are tabulated, 
along with the adiabatic velocity extrapolated to T = 0, 
tnptables sl), 2 and 3.0 Table 1 gives thescoctficientss tor 
hep ate, tables 2 for cc sue andstable 3.4ter hep Wes 

Before discussing the values of the coefficients, 
some comments on the method of obtaining them are in order. 
The velocity data for a particular crystal were first 
plotted against temperature. Then, if an anomaly was 
present, the maximum temperature at which it was observed 
was estimated and only the data above that temperature were 
used in the least squares fit. 

At 9 and 21 MHz, where the velocity anomaly was 
usually positive, this worked vopieen the sense that the 
parameters a and b did not depend very strongly on the 
exact temperature range of the fit. At 3 MHz, the para- 
meters a and b did depend on the temperature range chosen. 
Thes can» be tunderstood by looking at figurey2.6. the 
negative anomaly at 3 MHz extends to considerably higher 
temperatures than the anomalies at 9 and 21 MHz and, due 
to its smooth temperature dependence, it cannot be easily 
distinguished from the adiabatic velocity change. Thus, 
it was difficult to choose an upper temperature limit for 
the anomaly and this resulted in an uncertainty in the 


coefficients a and b at 3 MHz. This uncertainty also 
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TABLE 1 . 


ADIABATIC SOUND VELOCITY IN hcp He 





Crystal Molar frie ve(ONy 02/20 ax10* bx107 
Volume a 
(em?) (ppm) (m/sec) (MHz) — (m/sec-K*) ~—(m/sec-K°) 
3 
hep "He 2. 18.6 1235s" 6830 3 -2.87 ~0.108 
9 -4,82 0.054 
Reoeerers” 1806 135° Bat 3 -4,85 0.098 
9 Ta03 0.110 
21 Bee 0.098 
hep: Hes 408° 1Bb 6 185 806 3 =A) 0.146 
9 = ANG 3 ~0.022 
hom Hey see 11846 1a5> 0820 3 2,29 ~0.108 
9 Pad ~0.047 
21 se 0.003 
*hep “He 12 18.6 i eS 3 =31;83 -~0.004 
9 2.58 =o Mee 
*thop “He 13 18.6 430 823 3 4,54 0.068 
9 -4,43 0.053 
*kthcp *He 15 18.6 5300 825 3 5.92 0.207 
| 9 4,24 ~0.012 
*kthcp *He 17 18.6 5300 821 3 6.92 0.366 
21 4,29 0.054 
hee ee ee antes 3 15 0.046 
9 -2.78 0.085 
Acp He 9 17.8 ee ai 3 -2.62 0.001 
9 -2,34 ~0.023 


20 aie) -0.044 
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TABLE 2 
ADIABATIC SOUND VELOCITY IN bcc 3He 


Crystal Molar “He = v(0)  0/2n ax10° bx10° 


(om?) (pam) (mm/sec) (MHz) += (m/sec-K4) ~— (m/sec-x°) 





bec "He 46 24.2 1.35 488 3 ~49 52 -82.3 
9 27.04. 275.4 
boc “He 53 24.2 47 498 3 -10.03 218.0 
9 Ph OPN 2G 
Beebe a5) 22.39 tes 502 3 ice A) shi 
9 ~46 .18 5.92 
pooeess 9071, 1835 722 3 Melee 0.63 
9 7,82 4,62 
ee Gta Ba FOR Teen Fe 3 iki ane 0.773 
9 ~13.09 ieee 
21 isda min at13 
Pore 723 20m «= las St*«SS 3 si Piaik 1.625 
9 eietet 0.812 
eee, te 48. 2081 47 689 3 Airacie wots 
Shere "HS Ba) olen ts ny Pe: 3 “ie Fe 0.585 
9 Se: 0.471 
eee S420. eee 30 761 3 eemo4 Ome 
9 meter 5.01 
Sree He i5Gu 20015300 a 6753 3 Lie) 2p 0.355 
9 15005 ~0.010 


21 -16.24 =OnrZ0 
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TABLE 3 


ADTABATTIC SOUND VELOCITY*=IN hcp 4 He 





Crystal Molar “He  v_(0) 8/27  axl0* px10- 
Volume = 
(om?) (ppm) (m/sec) (Miz) + (m/sec-K*) _(m/sec-K®) 
ml 
ep ertict 48Mea hs 8 Sand ZI, ih 3 22.93 1.52 
***thop tHe 10 20.3 1400 +512 3 23.48 it 66 
9 22.69 fen 
hep *He 11 20.3 ~200 512 3 STpala =a 
hep “He 12 20.3 <200 522 3 -24.84 1.93 
ays “ea | aighwe  a eee 3 2.02 0.127 
9 E3002 -0.021 
fepeietay a7 pep “Se; | hey 22 3 3.08 ~0.022 
9 B75 0.058 
21 aewes 0.015 
free stat eens 7 ie yee 3 B5s50 0.019 
9 EGIL 0.103 
Sines GPa Gl) Lie NS 9) gee 3 a6 0.054 
9 5.04 0.203 
pemncpeenen9 Chey rye yadge et 723 3 3.84 0.060 
9 re 0.104 
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affected™the 3°MHZ"anomaly: ‘The’ generalveffect “was to 
reduce the size of a negative anomaly from its true value 
by including part of the anomaly in the adiabatic 
temperature dependence. 

Prometablestlve2@and3seittappears that the coeffi- 
Crentsea and be@att9MandaZl@MHzido agreeebettersthan those 
at’ 3 and 9 MHZ, supporting the’ above considerations. 

Not enough crystals were studied at each density to 
make definite statements about the variations in a and b 
for different orientations. There does, however, appear 
LoOwpe=some=Varlidtion” inva from’ crystal=to*crystal, 
especially in hcp 3He. In most crystals, the coefficients 
b found at different frequencies are too inconsistent to 
draw any conclusions. 

The coefficients a sheen £orahep ane inetablessredo 
not show much variation between crystals but the velocities 
invallgorethe crystalstatva dur erouldrddensasd were the 
same. This probably means that the crystals grew at the 
same orientation and so the coefficients for the adiabatic 
velocity are expected to agree. 

Two points should be noted about the density 
dependence’ of a’ and’ b. First, both a and b increase’ in 
magnitude as the density decreases. Secondly, especially 
rieeoce 3HHe where a larger range of densities was studied, 
the coefficient b becomes much larger with respect toa 
at lower densities. A similar large 7° coefficient in the 


velocity has been observed in bcc 3He before (Wanner et al. 
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(1973) and Iwasa and Suzuki (1981)) and was attributed 
by the latter authors to the influence of thermal 


vacancies as*discussedlin® section® 2% 3°"(cf.* equation’ 293-1). 


4.6 Thermally Activated Recovery 

It was mentioned in earlier sections of this 
chapter that the recovery during warming of v and a to 
their original values was thermally activated. The first 
indicarizonrorsthis wasWthesobservationvthatyeifsthe 
warming was stopped in the recovery region, v and a were 
time dependent and eventually reached their cooling values. 
The rate at which this recovery occurred increased rapidly 
with temperature. It proved possible to measure the 
recovery rate as a function of temperature in ge at 
several densities and thus to determine the activation 
energy of the recovery process. 

| in&hep gue, the recovery occurred around 1 to 1.5 K 
at 17.7 cm°/mole and around 0.9 K at 20.3 cm?/mole. 
Although the recovery rate increased with temperature, the 
data were not good enough to measure the rates and so 
no activation energies could be determined. 

The general method used to measure the recovery 
rates was as follows. The crystal was first cooled from 
some temperature near melting to its minimum temperature. 
Then, a large number of high amplitude 3 MHz pulses were 
applied, decreasing the anomaly as much as possible. The 


crystal was then warmed quickly to a temperature in the 
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recovery region and held there while v and a were measured 
as functions of time. When the recovery was either com- 
pleted or proceeding very slowly, the crystal was warmed 
to near melting and the procedure repeated, stopping at a 
different temperature in the recovery region. By comparing 
the curves for Vv andsa@ as functions sof tame at ditterent 
temperatures, the relative recovery dates could be deter- 
mined. 

Figure 4.45A oe Ge recovery of40 8 (ates MHZ) in 


the crystal hep ; 


Hew te Ono cm? /mole) at temperatures 
between 1.39 and 1.75 K. At these temperatures the 
velocity anomaly was very small so no significant changes 
in v were observed during the recovery. Each attenuation 
curve started from the same low temperature value of a and 
eventually reached the cooling value. Since the cooling 
value of a decreased with temperature in this region (see 
aise a7 One Seen was a@ecsasey in order ane 
the changes in a directly reflected the stage in the 
recovery process. The a values shown in figure 4.45A have 
been scaled by a factor equal to the measured difference 
between the cooling value of a and its initial low tempera- 
ture value. This ensured that the various curves in 
figure 4.45A had the same asymptotic value. 

The similarity in the shapes of the various curves 
Pome touce4e45Ae1ssapparent. = By Scaling *theytime dependence 
Gumeact 1sothermeby aucactor tt) (with t chosen to be: l for 


T = 1.57 K), the various isotherms could be made to 
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Figure 4.45 Timedependent recovery in hcp °He 5(18.6 cm?/mole) 
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eCoineide as shown in figurew@4745B. The recovery rates at 


aieLerent temperatures ma pelativesto ll ='.57 K) are then 
gaven by l/r. The values of t thus obtained are listed in 
table 4. 


Figure 4.46 shows the analogous results for bcc 
3ue 43° 120% 1 em /mole). In this case, it is easier to use 
the velocity since the attenuation overshot its cooling 
value and it was therefore difficult to choose an appro- 
Prrate ‘scaling factor. The velocity required no scaling 
if the results were plotted as a deviation from the 
adiabatic velocity at the appropriate temperature. 

Once again, the various isotherms coincided when 
scaled tbyyman appropriate wi(with t chosen as itor? = 0.76 
K). The values of Tt are listed in table 4 and the univer- 
sal curve is shown in figure 4.46B. 

Note that the velocity did not recover monotonically 
coe 1Lcs eaten rales but rather went through a minimum. 
However, the curve shown in figure 4.46B is very similar 
tothe one shown in figure 2.3 for the dislocation ‘contri— 
bution (rLomthe velocity as a4 function of averagemloop engin: 
The thermally activated recovery thus corresponded to an 
increase of the average loop length with time. 
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Figure 4.47 shows the recovery in bcc 
em /mole) In this case the interpretation is not as clear 
since the initial state did not correspond to a pinned 


anomaly (ci. figure 4.25). However, the recovery was still 


thermally activated as can be seen from the attenuation 
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TABLE 4 


3 


RECOVERY RATES IN ~ He 


hep he 3) 


(Se @) TF ts) Ts) Ley es) je (iu) Me) 
eo @° «C7 rel . ag re ee. ss © 
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00 0 
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Figure 4.46 Time dependent recovery in bcc 2He 43 
(20.1 cm?/mole) 


be 
oy 
NO 


rt | 
At ; 0G ™ 
an & 

NOV e- 
- 4 Wins ‘- 
S.waiy"Nna i LF * i 

- —— 1. as 7 
os OE s or Q ; 











2 ‘ a ? 
a 5S sad 
e s 7 
: WEB 
or re s « ; 
m *] . 
0 . s * 


(nite) t 


ee ed 


Ac (db/cm) 


Ac (db/em ) 





o 














Figure 4.47 Time dependent recovery in bec SHe 45 (22.3 cm3/mole) 
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recovery curves in figure 4.47. The velocity changes could 
only be followed in a narrow temperature range so the 
attenuation was chosen for the determination of the 
activation energy. The final (cooling) values of a depended 
only weakly on temperature and the attenuation went through 
a peak whose temperature dependence was unknown. Therefore, 
no scaling was applied to the a values which may have led. 
LogsVstematic Errors in the rares 1/t (listed an tape 4). 

The recovery rates determined in this way for the 
three ene crystals are shown in figure 4.48. Here &£n (1/tT) 
Pomp OL Ledmagainst) 17 Tl. ~The resulting straight lines 
indicate that the recovery process is thermally activated. 
From the slopes (determined by a least squares fit), the 
activation energies can be determined for the different 
ecnystals. The Vaiies sare listed in edb le ls. 

An attempt was made to measure an activation energy 


3H 46 (24.2 cm>/mole) . The recovery rate did not 


W/T 


ibs ey slere 
decrease with temperature as quickly as em and so no 
activation energy could be found. This non-thermally 
activated recovery at low temperatures may reflect the 
non-thermal (tunneling) mobility of defects in ae at low 
pressures. 

A similar effect®was noticed in bec 3He Aad 2.3 
om? /mole) at low temperatures; (As a result, the rates 
determined at the three higher temperatures were considered 


to be more reliable and were used to find the activation 


energy. This accounts for the relatively large uncertainty 
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TABLE 5 


THERMAL ACTIVATION ENERGIES IN 3He 


Crystal Molan,.Cxryvstallographic Activation Energy 


Volume Phase W 
ema) (K) 
3 
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quoreaqy torn W at. 22,3 cm?/mole. 


SeveDuslocation Parameters 

All the dislocation parameters found by fitting to 
the anomalies in different crystals are collected in 
tabves "657 —-andes= 

in Aep PHe, the values of the average loop length 
Ievary by about an order ofémagqnitude while thevdislocation 
densities RA vary by nearly two orders of magnitude. Since 
the dislocation densities depend on the random dislocation 
network and contain the orientation factor R, they are 
expected to*dittfer considerably from*ecrystalr*tovcrystal. 
The damping B, which should be characteristic of the crystal 
lattice itself, varies only by a factor of four between 
crystals and some Be this may be due to uncertainties in 
the fitting procedure. 

The values SE L;, RA and B Fodne Pace re show 
considerably less variation. At least part of this is due 
tompthe tact that the orientation factor R 1s *much less 
anisotropic in cubic lattices than in hexagonal ones. No 
significant reduction in the average loop length L is 
observed in crystals containing 47 or 430 ppm of fue. 

The values of LB and RA in hep fe vary much less 
than in hcp 3He. This may be due to the fact, mentioned 
previously, that the hcp He crystals all appeared to grow 


at the same orientation (as indicated by the sound velocity). 
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TABLE 6 
DISLOCATION PARAMETERS FOR hcp “He 
Crystal Molar ae t=L/ Xe L RA J 3 
aoe @ 3MHz es (B=gT™ ) 
(cm) (ppm) (m) (m ~) (mks) 
ae -6 7 -8 
cp ~He 2 18.6 1.35 0.14 5.94x10 4,28x10° 1.00x10 
hep eHeae 18.6 1.35 0.24 1.02x107> 1.70x10® 1.00x107° 
hep Breas 18.6 1.35 1.5 6137xloe> 1ss4xiol 1eaasans? 
*hep Hewl25e 1996 47 0.14 5L0agdope” “1SIBRLOs ~ 2bosxI0g- 
**thop "He 13 18.6 5 Omens eens 2d 1.0 ew Oe Gk Ot 


5) 6 7 ) 
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Crystal 


TABLE 7 


DISLOCATION PARAMETERS FOR bcc 


47 


430 


t=L/ de 
@ 3MHz 


OF2h 
0.26 
Oe20 


0.36 


L 


(m) 


9.66x10- 
9.38x10- 
7.18x10- 


1e3010> 


6 


6 
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2.62x10" 


1.96x107 


5.86x10/ 


3.12x10/ 
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ohae 
(B=gT” ) 
(mks) 


2.76x10 © 


2.70x10 © 


2.2110 ° 


2.23x10 ° 
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TABLE 8 


DISLOCATION PARAMETERS FOR hcp tie 


Crystal Molar 3He t=L/ Le L RA 
ake @ 3MHz 9 
(cm) (ppm) (m) (m ~) 
4 -6 a ne) 
Depew res el a7, aL Opler oe Ox LO 2.69x10 
*hcp oe 7m Pe | 10 0.30 8.80x10 © 1.49x10/ 


AED tHe cee View 105 0.30 8.80x10 © 7.30x10° 
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2.24x10°° 


1.25x10° 


1.58x10 © 
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4.8 Zero Sound 

Prom) Che dtscussromein= section 2.2), "sound is 
expected to propagate as "zero sound" at sufficiently low 
temperatures. The expected zero sound velocity and 
attenuation dependences on temperature should be observable 
in solid helium. 

From the results discussed in this thesis and the 
wWOrkmOmothers (e.g. Calder (1977)_or Iwasa eb al.) (1979)) 
it appears that at low temperatures, the dominant contri- 
BuLtomILo both gy and a comes from interactions between 
sound waves and dislocations. If this contribution can be 
suppressed, the zero sound predictions may be tested. 

The only crystals studied in which there was no 
noticeable dislocation Contribution to v om ¢ )(as andicated 
by the absence both of a visible anomaly and of hysteresis 
after applying large 3 MHz pulses) were those of hcp one 
wren 33 ips The bee *He Brora with’ 0.433% tue 
still had a small 3 MHz anomaly and the hcp tHe crystals 
with 1400 ppm of 3He showed hysteresis in a. 

Figure 4.49 shows the attenuation in ***hcp He ky 
at 3 and 21 MHz. The attenuation values are shifted to be 
approximately zero at low temperatures. Also shown are 
curves of the zero sound form (see equation 2.2-11) 


2 


a = 5.5x10. wT db/cm (4.8-1) 


9 


where the factor 5.5x10 ~ is determined by fitting to the 
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21 MHz data. Below 1 K the agreement is excellent. 

In the other crystals where the dislocation contri- 
bution was nearly suppressed, the attenuation increased 
with temperature at low temperatures and was larger at 


higher frequencies but no detailed analysis was made. 


Evd | | y a 







tealjecxs @ Saciieetes sfv 4 1 weied -bisb. HM LS. e777 
: i: > ie : 


i va - 
~tnsnan noltesolefi Si: she sane atssayzo 19830 ens at ve , 


toijasunssaS ean? , beece sQae6 Sana asw noktud 
22ew Bp Seapsgasequet wos se oxusnteques aaiw 


sbem ten eteviene Bedteteb on Jud ae lonmevpeti aetipin 





CHARTER 5 


DISCUSSION AND CONCLUSIONS 


Davee Discussion 

In this chapter, the results described in Chapter 4 
are compared to previous experimental work on solid 
helium and arguments are given for attributing the sound 
anomaly to dislocations. The comparison between the data 
eMimunee LleOry, OL Granato and Lucke (1956), 16 discussea’ in 
some detail. 

The previous measurements of the temperature depend- 


ence of the sound velocity in solid ve (Wanner eC al™ (1973). 


Iwasa and Suzuki (1981), Iwasa et al (1981)) were made at 
low densities (V > 24 cm? /mole) in impure crystals (ne 
concentration = 200 ppm). The present work therefore 


Contains thesrirsl measurements Of “Che scemperalure depend— 
ence of the sound velocity and attenuation in hcp Phe and 
in. Dec “yay at high densities. As a consequence, it also 
contains the first observations of an anomalous velocity 
and attenuation in 3He since the anomaly was only present 
Poet Ciedensucyecnry.staus. 

All previous a ee in 7He (and most -of those 
in 4 He) used sound frequencies greater than 10 MHz. The 
use of a 3 MHz transducer in this work resulted ina 
reduction of the anomalies when high amplitude 3 MHz pulses 


were applied at low temperature. This effect had not 
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previously been observed in either Bhat OG aes is allowed 
the anomaly to be changed and its recovery at high tempera- 
tures to be studied. The thermally activated recovery of 
the ultrasonic signal allowed the first acoustic measure- 
ments of activation energies to be made. 

Miesuce Torethelpiret tine. of ehaghnenunicy. 3He 
(0 ERE eyenen aS) allowed the effects of impurities to be 
examined. Although the absence in previous measurements 
of an anomaly in Sie seems to be due to the low densities 
used, rather than to the oes present, it was important to 
check this. The addition of 0.53% of “He to the 7He 
suppressed the anomaly and permitted both the amplitude 
dependence of the attenuation and its zero sound behaviour 
at low amplitudes to be observed for the first time in oe 

The results from the low density bcc ne crystals 
(24.2 cm /mole) can be directly compared to previous work. 
The adiabatic coefficients listed in table 2 are approxi- 
mately the same as those quoted by Wanner et al (1973) at 
24.1 cm°/mole. Iwasa and Suzuki (1981) observed a similar 
temperature dependence at 23.8 cm?/mole although they 
analysed it in terms of a term proportional to ~ and one 
due to the vacancies. Neither of the above experiments 
observed an anomaly, in agreement with the observations 
during cooling, orebce He 46 (cfs “fLigunes 4. 27.and.4 225). 

Iwasa et al (1981) investigated the effects of Sie 
impurities in bcc 3He (24.4 cm?/mole) . No anomaly or 


amplitude dependence was seen but the frequency (10 MHz) 
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was high enough that the effects described in section 4.3-3 


due to high amplitude 3 MHz pulses would not be expected. 
They observed an attenuation change at the isotopic phase 
separation. The phase separation occurred at 86 mK for 
480 ppm of tHe ana at Jo mx form 1000 pom of one: These 


values are somewhat lower than the temperatures of 99 and 


117 mK which they calculate from the regular solution theory 


(Edwards et al (1962)). The phase separation temperature 
discussed in section 4.3-4 for Bae CONtaliiicg Ooo 4 ue 
was 125 mK, also somewhat lower than the calculated 
regular solution phase separation temperature of 144 mK. 
Greenberg and Armstrong (1980) observed the phase separa- 
tion in their thermal conductivity measurements. At 500 
ppm of tue, Hee OccuLLeds around 94 mK, somewhat higher than 
the acoustic measurements would indicate. 

In view of the almost complete similarity between 
Hop 3He and Aue and of the large number of ultrasonic 
experiments which have been performed on “ne some discus- 
sion of other 4 He results 1s in order. 

Previous work in this laboratory (Calder and Franck 
(1977) and Calder (1977)) on hep *He at 17.4 cm? /mole 
(5, 15 and 25 MHz) showed anomalies very similar to those 
described in this thesis. The magnitude of the anomaly 
ranged from Av/V < ype to ages a GRE roughly the 
same range as observed in hcp He ately to cm?/mole (Cie 


section 4.2-3). Although the anomalies these authors 


described were not attributed to dislocations, the results 
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were in qualitative agreement with dislocation theory as 
described in this thesis. The amplitude dependences of v 
and a were not studied and no hysteresis was observed. 
This may have been due to the higher frequencies used 

(— 5 MAz)eorito dower puliseiamplitidesi. 

Several other ultrasonic measurements on hcp fe 
have shown an anomaly which has been interpreted in terms 
of dislocations. The measurements of Wanner et al (1976) 
were made at a single frequency (8 or 12 MHz) and showed 
either a positive or a negative anomaly which ranged in 


magnitude from AV/V, me 3x104 iin 


Conley / via 12608 
The experiments and analysis most closely related to 
this thesis are those of Iwasa et al (1979). In hep tite 
at 720.82 cm?/mole, they observed positive velocity anomalies 
at 10 MHz as large as Av/V , ee sk L0me This is several times 
larger than those typically observed at 9 MHz in this work 
but the Satie Pee observed by Iwasa et al decreased when 
the crystal was warmed above 1 K. The anomalies they 
observed in a "well annealed" crystal were smaller 
(Av/v PY 5 Ose Je They analysed the frequency dependences 
of v and a in terms of an exponential distribution of 
dislocation loop lengths and found that the anomaly agreed 
qualitatively with the theory. They also found quantita- 
tive discrepancies similar to those shown in Chapter 4 of 
this thesis. 


The agreement shown in Chapter 4 between the data 


and the Granato-Liicke theory of dislocation resonance is 
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evidence both for the existence of dislocations in helium 
endfor the applicability of the vibrating string «model 
but other possible causes of the anomaly should be 
discussed. 

There are several reasons to believe that the 
2nOmalyels not .a property.of the perfect Jattice. The 
anomaly varied both in magnitude and in shape in different 
crystals at the same density. Although some of the varia- 
tion in magnitude could be due to an orientation effect, 
the anomaly differed between the hcp 4 He crystals whose 
sound velocities indicated that they had the same orienta- 
tion. The fact that the anomaly could be reduced or 
eliminated either by applying high amplitude sound pulses 
or by adding isotopic impurities also argues against the 
anomaly being a bulk property of the crystal. Finally, 
the hysteresis seen after applying large pulses indicates 
eee either the een ae or the cooling state (or both) are 
metastable. The anomaly thus seems to be connected to 
some defect property which can vary from crystal to crystal. 

There are several types of defects possible in 
helium. Of the point defects, only isotopic impurities 
and vacancies are likely to be important since other 
impurities freeze out at much higher temperatures. 

It is difficult to attribute the anomaly to the 
PSoLopic, impurities. ,~The fact that the anomaly, 1s present 
in helium with about 1 ppm of isotopic impurities and is 


essentially unchanged when 400 ppm are added indicates 
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that the anomaly is not sensitive to the impurity concen- 
tration. In addition, adding more impurities (> rood) ppm) 
decreases rather than increases the anomaly. 

Vacancies also are unable to explain the anomaly. 
The number of thermal vacancies decreases rapidly with 
temperature while the anomaly remains large. Also, as the 
density increases the number of vacancies decreases but 
the anomaly gets larger. 


The other defects known to be important in solids 


ate, dislocations. There Ts considerable evidence tor their 


existence in helium besides the sound measurements already 
described. 

Low angle grain boundaries which are expected to 
consist of arrays of dislocations can be inferred from the 
mosaic spread observed in neutron diffraction experiments 
(Minkiewicz (1973)) and more directly from X-ray measure- 
Menes (traas eb al, (1977)). 

NMR measurements of spin lattice relaxation rates in 
bec 455 (GLELOra, et al. (1970)) “indicate ther presence son 
small domains ~ 50u in size, presumably consisting of low 
angle grain boundaries or stacking faults. 

Charge mobilities were measured in plastically 
deformed are by Gudenko and Tsymbalenko (1979) and by 
Guenin and Dahm (1981). Both groups could explain their 
results by assuming that ions were trapped by the disloca- 
tions produced during the deformation. 


A variety Of plastic flow measurements have’ been 
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made on solid helium. The results of Suzuki (1977) and of 
Sakai et al (1979) indicated that helium behaves much like 
a conventional solid where plastic flow involves the 
creation and movement of dislocations. Sanders et al (1977) 
and (1978) were able to melt a thin layer of helium around 
their crystals and thus to produce unconstrained crystals 
ofihncecptandtbcec dine? They observed a very low yield stress 


of less than 5x10" 


Nt /m? in these crystals which they inter- 
preted as indicating a low Peierls stress. “In hcp tHe they 
found that small amounts of deformation led to very large 
increases in attenuation, in agreement with the expected 
increase tin "*dislocation*®densirty Yo In bec anes however, 
deformation did not affect the attenuation, leading them 

to speculate that the plastic flow involved vacancies 

rather than dislocation niitukpak Ga one 

Thermal conductivity measurements by Greenberg and 
Armstrong (1979) showed anwdnomalows eoneeoutaon which 
could be explained by the scattering of thermal phonons by 
dislocations. 

Although direct observation of dislocations has not 
been possible in helium, there is considerable evidence 
that they do exist and that they behave much like disloca- 
tions in conventional solids. The problem then is to 
determine the effects of the dislocations on sound propa- 
gGacLon. 

The best established theory of dislocation - sound 


wave interactions is that of Granato and hucke. 2 Vhis 
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theory starts with a model of a dislocation as a damped 


vibrating string whose equation of motion is given by 


2 Z 
Ee os Sea (2.363) 
ot ox 
several assumptions are implicit in this model. The 


Peierls stress is neglected, an assumption often justified 
by the existence of large numbers of thermally activated 
kinks. At low temperatures, this may no longer be valid. 

As usually developed, the theory assumes an elasti- 
cally isotropic crystal. For several cases, such quantities 
as the elastic strain energies, which determine the dislo- 
cation effective mass A and string tension C, can be exactly 
GalGulated “(Amelinckx (1979)... For basal dislocations in 
hexagonalscrystais, =the results ane very close to the 
isotropic values but the effects of anisotropy for more 
general dislocation orientations are unknown. 

Even if the concepts of an effective mass and a 
Stuing stensiOnm .oOr dislocations are valid, sthe expressions 
used for A.and GC are suspect. In .this work and in ail) the 
work on helium, the values are those given in the original 


paper by Granato and Lucke (1956), namely 
A= T7 ne -: Owe ea (SS i) 
ay 2 ! T(1l=-v) ° : 


These expressions include only the elastic energy of the 


dislocation strain field and ignore the core structure of 
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the dislocations, the effects of anisotropy, and the dif- 
ferences between screw and edge dislocations. It is 


probably more reasonable to assume (Balluffi and Granato 


(1979) ) 
5 
A = aoa ; B= 8Ga (5 1—2) 


Where Grand 6 are ™numericaléfactors ‘of “onder 0s5. 

Although the damping coefficient B is treated as a 
parameter to be determined from experiment, the form 
assumed for B (= gt” where n = 3 in the analysis of 
Chapter 4) may not be correct. The damping due to thermal 
phonons certainly increases with temperature and the 
dominant econtribution fat slow Stemperatures *1s sexpectedeta 
have the form B a rT (Ninomiya (1974)) but other damping 
mechanisms are possible. For example, a vibrating disio> 
cation must lose some of its energy by radiating. Although 
the®radivation force is) not’-proportional “to tthe -disilocation 
velocity, “its effects can be included by-adding a frequency 
dependent term Br to B (Garber and Granato (1970)) where 


Bre = otare os 65 31=3 ) 


ge 


Form solrdatnieliuneat 34M Zy.eb Ys 5x10— mks which is negli- 


R 
gible compared to the observed damping above 200 mK. At 
lower temperatures or higher frequencies, radiation 


damping may be significant. 
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Another important assumption made in the dislocation 
analysis of the anomalies in Chapter 4 was that the 


dislocation loop length distribution was exponential: 
ee =) : Cas-9) 


This distribution is plausible for the case of pinning by 
Peinescerf ect so (Koehlevig(1952)) ebuteisedi £ficuit showgustuty. 
for network pinning. 

The effects of choosing a Gaussian loop length 
distribution were investigated by Iwasa et al (1979). They 
found that the frequency dependence of the anomaly could 
be fit better (using one additional adjustable parameter). 
They also found that selecting different distributions 
changed the values of RA and L by factors of 5 or more. 

The values of RA and L found in Chapter 4 thus are not the 
true dislocation densities and lengths but rather are 
appropriate only to an exponential length distribution. 

Despite the uncertainties in the applicability of 
the Granato-Liicke theory to helium and the uncertainties 
in the choices made for A,B,C and the length distribution 
NG?), emany cof ethelpredictions .of Tthestheorygancerelatively, 
insensitive to the details of the dislocation properties. 
The degree to which the measurements presented in Chapter 
4 agree with the Granato-Liuicke theory will now be discussed. 

One of the most stringent tests of the dislocation 


explanation of the anomaly is its frequency dependence. 
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The Granato-Liicke theory predicts that any negative velocity 
anomaly must eventually become positive at sufficiently high 
frequency.) . Furthereincreases! in» sound frequency result in 
a smaller but still positive anomaly. This prediction is 
due to the resonance nature of the vibrating string model 
and is independent of the loop length distribution. The 
fact that, within the experimental accuracy, the sound 
velocity in solid helium during cooling always showed this 
frequency dependence is perhaps the strongest evidence in 
favour of the dislocation explanation of the anomaly. The 
quantitative disagreements between the predicted and 
measured sound velocities at different frequencies could 
easily be due to the choice of an exponential loop length 
distributions 

The attenuation is predicted by the Granato-Lucke 
theory and, since no adjustable parameters are involved, it 
provides an additional test of the theory. As noted in 
Chapter 4, the dislocation predictions for the attenuation 
almost always agreed qualitatively with the measurements. 
That is, the relative sizes of the attenuation at different 
frequencies and the approximate temperatures of the maxima 
in a were correctly predicted. In some crystals (e.g. hcp 


as 3), the magnitude of the predicted attenuation was 


, : 4 
approximately correct while’in others» (e.g. hep “He 1) the 
predicted attenuation was a factor of 3 too small. 


Some of this discrepancy was no doubt due to the 


choice of an exponential distribution. By choosing a 
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different distribution, the relative sizes of the velocity 
and attenuation anomalies could easily be changed byaa 
factor of 2. Another possibility was the assumption of 
isotropy. The three hep 4 He erystal stoqrownmates 1/1. om>/ 
mole which had the same sound velocity (and presumably the 
Same orientation) also had the same ratio of approximately 
3 between the measured and predicted attenuation but in 
We where a range of orientations were observed, there was 
no such consistency. 

The orientation dependence of the anomaly is also 
unambiguously predicted by the Granato-Lticke theory. In 
hep crystals, the orientation factor R is expected to be 
of the form shown in figure 2.4, varying between zero and 
abouts 0nd £onedongi tudinalesoundé wihispornentation 
dependence has been verified by Tsuruoka and Hiki (1979) 
in hcp Hen Although the slip systems in bcc materials are 
not well enough defined to calculate the orientation factor, 
it is expected to be much more isotropic than in hcp 
Material sisne Lne feces materials ,« the] omientationitactorm varies 
only between about 0.04 and 0.09 (Green and Hinton (1966) ) 
and a similar orientation dependence is likely in bcc 
materials. 

The anomalies observed in helium have this orienta- 
tion dependence. Although the orientations could not be 
determined in 3He, the observed range of velocities (10% 
in hcp Piles L536 inibec 3 He) indicate that a wide range of 


orientations were obtained in both phases. However, the 
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Size of the anomaly (RA) varied by about two orders of 


magnitude in hcp 3He BUteonLy by a factorwor tires in pec 


sey 


In hep ve little orientation dependence was seen, 
no doubt because the crystals at each density had the 
Same orientation. Since the elastic constants of hcp He 
are known, the orientations of the hcp aie Srystals could 
be estimated from the sound velocities. The erystals 
grown at 20.3 cm? /mole (which showed a very large attenua- 
ErOnmanomealy) = all Madea Orientation Of ;oe=—5/1tm> 
COprespondaing LO a) large orientation factor of aboul 0.1. 
Sperorrzentation oL the crystals grown at 1/27 cm?/mole 
(which showed a much smaller anomaly) could not be uniquely 
determined since the velocity is double valued (cf. figure 
2.1). The two possible orientations were @ = 44 + 4° 
Ce Oye and 0 —eeO = 10s (Re <.20..01) In view Of the 
observed tendency of hcp helium crystals to grow with the 
c-axis perpendicular to the growth direction (Fraas et al 
Glogs), the orientation ©) = 80° 1s mores likely vandsthe 
smaller anomaly can be explained in terms of the orienta- 
PrOlmraCclLOm alone. 

The amplitude dependence observed in ***hcp He iby] 
(Sf fidure 4.20) also supports the dislocacionstheoryscince 
it can be explained in terms of stress induced breakaway 
from impurity pinning points. The binding energy obtained 
(W, ~ 250 mK) is similar to that obtained by Iwasa and 


Suzuxi, (1980) for 3He nigigl, Bekele) 4 He (W, eo Ushi DUG OLnOLngG 
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energies measured in hcp tte by other techniques vary from 
0.7 K (Paalanen et al (1981)) to 1.8 K (Tsymbalenko (1979). 
Theoretical estimates of the binding energy between an 
edge dislocation and an isotopic impurity in helium vary 
between 0.6 K (Iwasa and Suzuki (1980)) and 2.8 K (Tsuruoka 
andenika, «LoO7 OD Gsoerteas Gitficultitoleconparemthcory= to 
experiment. 

The temperature dependence of the velocity anomaly 
is important. Since all theories of dislocation damping 
predict a damping increasing with temperature, the observed 
adiabatic velocity and low attenuation at high temperatures 
is expected. Since the damping affects the long loops 
most, the short loops should be nominee at high tempera- 
tures, resulting in a negative although perhaps small 
velocity anomaly. At iuBlenpert HaLeey the long loops 
become undamped and, depending on the distribution, may give 
a BosLEtve velocity anomaly. Several crystals (cece hep 
ne 1 at 9 MHz) had a negative anomaly at high temperatures 
and a positive one at low temperatures but none showed the 
opposite behaviour (i.e. a positive anomaly at high 
temperature and a negative one at low temperature), in 
agreement with expected behaviour. The existence of a 
velocity anomaly which changes from positive to negative as 
the temperature is raised is evidence for a distribution 
of loop lengths rather than a single length. 

The values of the damping parameter B which were 


found from the velocity data should be properties of the 
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lattice and not of the dislocation network and so should be 
reasOnably consistent in crystals at the same density. 
Pietact Bo varies onlyabyea tactor of aboutytwouin hcp ae 
and 4 ue hele (orem Rig dshic leveibh= Clb mabey Melero: iene 
Since the temperature dependence of the damping was 
found to be approximately B a me the values found can be 
compared to the damping due to the fluttering mechanism. 
At low temperatures, this is (Ninomiya (1974) ) 
14.4 ke 
Bx» —x~—~— T Ca) 
im <¢ 
where c iS an average which may be taken as the Debye 
MevoC ita. OL! DCC re she A0las cm? /mole (ec =.310 m/sec). 


the fluttering value of B is about Teietiget rT? mks. This 


compares to the observed range of B from paleo tO 


Me Om eT. Mist (tablen7 ein Nicol Hesse so Gicm ymcte: 


Bhewriutcecering value or _B 1s about Ae Oe tT mks while 


itt a2 5 1 OB ie emnicon 


the observed range is from BGs Om 
Considering the uncertainties in determining B from the 
data and in the theoretical value, the agreement (within 
a factor of about 5) is quite good. The decrease in B with 
increasing density agrees with the fluttering prediction. 
Tt should also be mentioned that the fact that the 
anomaly is essentially independent of isotope agrees with 
the dislocation interpretation but eliminates any explana- 


tion that depends on the statistics (Fermi or Bose). The 


suppression of the anomaly when isotopic impurities are 
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added is also expected if dislocations are the cause since 
the impurities simply pin the dislocations, but it is 
difficult to understand if the anomaly is either a bulk 
propertyeom the: crystalwor iis? due tto point tdert ects. 

It thus appears that the Granato-Lticke theory provides 
a good description of the sound anomaly observed in solid 
helrumntduringicoolang S6ulhe dislocation parameters) take 
on reasonable values and the damping is well described by 
the fluttering expression (5.1-4) .. Most of the discrep- 
ancies between the theory and experiment may be due to the 
choice of loop length distribution. 

The effect of high amplitude 3 MHz pulses at low 
temperature is not as well understood. At high densities 
mee 3He One in Arey the changes in the anomaly when the 3 MHz 
pulses are applied can invariably be interpreted as a 
shortening of the loop lengths. The attenuation decreases 
and positive velocity anomalies become negative and become 
small when many pulses are applied. This was studied in 
most detail in the crystal hcp “ie 5 shown in section 4.2-1 
but the behaviour was the same in bcc 3He and hcp +e | 

During: thexthermally tactivated recovery soimthiemanomaly 
at high temperatures, the loop length increases. Comparing 


3He 43 shown in figure 4.46 to 


the recovery curve for bcc 
the «curve ‘shown ‘in figure’ 2.3 for the dislocation contri- 
bution to velocity as a function of loop length supports 


thi ssassexrtioni. 


The reproducibility of the anomaly after warming 
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above the recovery temperature indicates that the high 
amplitude pulses did not irreversibly change the disloca- 
tion network (as would be expected if plastic flow occurred). 

There are some puzzling features of the high ampli- 
tude pulse effect. In hep ene 5, the values of B and RA 
found after the application of high amplitude pulses 
disagreed with those found from the anomaly during cooling 
DyecactoOLrs Of about 5. Although part’ of this may pe due 
cCO tie chotce Of an exponential Loop Fengtm o1stribution 
and to the fact that the large changes in average loop 
length observed are unlikely to preserve the form of the 
Grstrabution, ic Vs“=diiticult to explain’ the large ‘change 
as, Piel Be 

The overshoot of the attenuation past its cooling 
value observed in the recovery in bcc 336 (esq. fcqure 
4.32) is also unexplained since figure 2.3 shows only a 
small increase of a above its final value and then only at 
low damping. This too may be connected to the non-exponen- 
Etat Lengel distribution. 

AYthouch 12 seems that the effect of thestarge siz 
pulses is to shorten the loops, the pinning mechanism is 
moe known. “Isotopic impurities ‘pin the dicslocatrons ac 
concentrations around 1000 ppm but they don't seem to be 
directly connected to the pinning effect of the large pulses 
since the pulses have essentially the same pinning effect 
Prepure crystals (gl pom “or impurities) as “in "crystals 
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impurities is important in the pinning. 

Another possibility is the creation of jogs on the 
dislocations under the action of the large pulses but it 
is not clear how effectively these would pin the disloca- 
tions. 

The behaviour during recovery does not help to 
resolve this question since most pinning mechanisms 
(including impurities and jogs) can only leave the 
dislocations via thermally activated processes. 

In any event, the pinning seems to require large 
displacements of the dislocations since it occurs only at 
low temperatures (where the damping is small), at large 
stress amplitudes and at low frequencies, each of which 
contributes to large dislocation motions. 

The activation energies listed in table 5 for the 
recovery process correspond closely to the activation 
energies eoremonie Wyigee in nee These activation 
energies can be derived from NMR, specific heat and X-ray 
measurements. These values are shown in figure 5.1 along 
with the activation energies from the recovery rates as 
listed in table 5. The NMR and specific heat values are 
taken from Sullivan et al (1975) and the x-raygvatues from 
Heald (1976). The agreement is excellent, leading to the 
conclusion that the dislocation unpinning is accomplished 
by mobile vacancies. These could allow impurities to 
diffuse away from the dislocations or jogs to anneal out. 


The low density Dec He crystals behave somewhat 
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differently. As the density is decreased, the anomaly 
Observed on cooling decreases until at 22.3 cm? /mole Laois 
barely observable. This could mean that there are few 
dislocations at low densities or that they are immobile. 
tweSaeet al (1981) maintain that most dislocations in bec 
crystals are screw dislocations and that these cannot move 
because of a large Peierls stress. The existence of an 
anomaly in higher density bcc oR, however, indicates that 
it is not the structure which is responsible for the 
absence of an anomaly at low densities. 

The fact that the high amplitude pulses seem to 
create Ae anomaly at low densities (cf. figure 4.27) is 
not understood. .lt may not .\be connected to the anomaly 
observed at higher densities. It would require cUrener 
investigation to resolve this. 

The complete pinning of the dislocation anomaly in 
coach a NG 2) She 17 allowed the remaining attenuation EO Be com- 
paredato. the szero Usound jprediction ., ,AS shown in cigure 
4.49, the attenuation at low temperatures has the r4 
dependence and the linear dependence on w which are pre- 
dicted. Similar measurements by Iwasa and Suzuki (1980) 
on hcp tHe containing 13% 3He showed essentially the same 


9 4 


behaviour. They. found. = 129%10, pow db Zcite( ate 20.06 


cm?/mole). compared to the value 


a = 55x10.” 


a db/cm (4.8-1) 
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found in section 4.8 for hcp 3He eM amibeeha cm? /mole. The 
difference of a factor of 3 in the coefficient may be due 


either to the difference in isotope or in molar volume. 


eee onc Luston 

In conclusion, the experiments described in this 
thesis showed that the sound velocity anomaly previously 
observed in hcp tHe is also present in both hcp and bcc cnet 
The size of the anomaly is similar in the two isotopes and 
is approximately the same as observed in previous work on 
hep oAey The anomaly observed during cooling agreed well 
with the Granato-Lucke theory of dislocation resonance and 
the dislocation densities, loop lengths and damping assumed 
reasonable values. It was found that, by applying large 
3 MHz pulses at low temperatures, the anomaly could be 
reduced A Nal he) manner which suggested that the dislocations 
were being pinned. Although the pinning mechanism was not 
determined, it was found that the dislocations were 
unpinned by thermal vacancies at about one half of the 
melting, temperature. By adding isotopic impurities, erne 
dislocations could also be pinned. From the amplitude 
dependence of the attenuation in an impure hcp 3He Chrystal, 
an estimate of the binding energy between a ewe impurity 
and a dislocation was obtained. When the dislocations were 


completely pinned, the remaining attenuation agreed well 


with the theory of zero sound. 
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